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Abstract 
The University of Manchester 
 
Abstract of thesis submitted by: Ismaila Idowu Ahmed for the degree of Doctor of 
Philosophy and entitled: The Influence of Material Factors, Including Cold Work on 
the Susceptibility of Stainless Steels to Stress Corrosion Cracking. The main objective 
of the thesis was to gain better understanding of key parameters associated with Cold Work 
(CW) and their possible effects on Stress Corrosion Cracking (SCC) susceptibility of 
Austenitic Stainless Steels (ASS) cold rolled to different degrees. The microstructural 
characterisation of the cold rolled ASS was carried out using optical microscopy to 
determine and correlate the average grain size with the level of CW. The assessment of 
martensite development during the CW was carried out using the neutron diffraction 
technique. The effects of CW levels and strain paths on the lattice strain evolution during 
the in-situ loading and on the mechanical failure of cold worked ASS were studied. The 
electrochemical behaviour of cold rolled ASS was also studied. Finally, The SCC 
susceptibility of ASS was investigated using the Slow Strain Rate Testing (SSRT) 
techniques. The post-mortem analyses of the failed samples were carried using the optical 
and Scanning Electron Microscopy (SEM).  
 
The study showed that the average grain size decreases with CW and reaches minimum at 
20%CW. The smallest and the largest grain size occurred consistently on the Longitudinal 
(L) and Short-transverse (S) plane respectively. Evidence of martensite development was 
only found during the plastic deformation at cryogenic temperature and none was observed 
at ambient temperature. The study showed that the strength of material increases with the 
level of CW. The Bauschinger effect occurred when the strain path is reversed and its 
magnitude is independent on whether the tensile or compressive prestraining comes first or 
last but rather dependent on the amount of CW. The correlation between the CW levels and 
the lattice strain evolution during the in-situ loading showed that, the lattice strain 
increases with prestrain and reaches saturation in the material prestrained to 20%CW. 
 
The result of the mechanical failure test showed that, 20% cold rolled material loaded 
along the L and Transverse (T) directions showed a gradual failure, whilst the material 
loaded along the S direction exhibited a rapid failure.  The SEM micrographs suggest that 
materials loaded along the L and T direction failed with the characteristic features of pure 
ductile failure while the specimen loaded along S direction showed mixed features of the 
ductile and brittle failure. The electrochemical properties of the cold rolled materials are 
more affected by sample orientation than the levels of CW. The short-transverse plane was 
observed to be most noble whilst the longitudinal plane was the least noble. The results of 
the SSRT in the chloride environment showed that the plastic elongation, the ultimate 
tensile strength and the time to failure decrease as the applied potential increases. The post-
mortem analysis of the failed samples with the SEM showed that, the fracture surface 
contained region of ductile failure characterised by dimples, and region of SCC with 
secondary cracks along the loading axis. Whilst the cross sectional analysis, showed 
evidence of predominant transgranular stress corrosion cracks. The study found that SCC 
susceptibility of the ASS is directly linked to strain heterogeneity and directional 
anisotropy caused by cold working. 
 
Month and year of submission: December, 2011 
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Chapter One 
 
1 Introduction  
The performance of Austenitic Stainless Steels (ASS) is considered satisfactory due to 
their good combination of high strength, ductility and general corrosion resistance even at 
elevated temperature [1,2]. Therefore, they are widely used in process plants, cryogenic 
plants, food industry and nuclear industry including High Temperature Water (HTW) 
conditions in the Pressurised Water Reactor (PWR) and Boiling Water Reactor (BWR) 
environments [3]. However, cases of InterGranular Stress Corrosion Cracking (IGSCC) in 
reactor core components exposed to high dose of irradiation and laboratory test conditions 
have been attributed to a number of factors including cold work and neutron irradiation [4]. 
There have been some reports on the influence of cold work on the IGSCC of ASS in both 
hydrogenated (PWR) and oxygenated (BWR) environments [3, 5]. The role of cold work 
on the stress corrosion cracking susceptibility generated a strong debate at the International 
workshop held in Toronto, Canada in 2006. Some have suggested that low level of cold 
work increases Stress Corrosion Cracking (SCC) susceptibility and that higher level of 
cold work may have beneficial effect [6]. However, earlier work suggested that the 
resistance of ASS to chloride SCC increases up to 30% degree of cold work [7].   
 
Stress Corrosion Cracking is a form of localised corrosion failure that occurs when a 
susceptible materials under the tensile stress state (either residual or applied stress 
condition) is exposed to corrosive environment [8]. Stress corrosion cracking is such a 
dangerous failure that may occur within the design stress and in an environment that may 
not be considered aggressive. The stress corrosion cracking occurs at a stress intensity 
factor which is well below the critical stress intensity factor determined by fracture 
mechanics [9]. The damage caused by SCC occurs in stages namely: the crack nucleation 
stage, the transition stage and the crack propagation stage. The crack propagation mode 
may be intergranular or transgranular if it propagates along the grain boundaries or through 
the grain matrix respectively [8]. The SCC susceptibility of material can be influenced by 
factors which directly affect the three prerequisites for the occurrence of SCC namely: 
susceptible material, the presence of corrosive environment and applied tensile stress. Cold 
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working is one of the manufacturing techniques that can have significant effect on the 
susceptibility of materials to SCC [10].  
 
Austenitic stainless steels are cold worked through plastic deformation at ambient 
temperature. Some of the reasons why cold work may be carried out include: enhancement 
of the surface properties either during the manufacturing and after the fabrication 
processes, through-thickness reduction and strengthening of the material [11,12]. During 
the cold working, the strength of material and hardness increase significantly at the 
expense of ductility due to increasing dislocation density and twin bands with the level of 
cold work [13, 14]. The performance of the material can be influenced by the type and 
amount of previous plastic deformation (prestrain) [15].The intergranular stress corrosion 
cracking of ASS had previously been attributed to the sensitisation (intergranular 
precipitation of chromium-rich carbide and the adjacent Cr depletion) process until recent 
time [8]. It is now known that non sensitised austenitic stainless steels are susceptible to 
IGSCC in HTW environment if they have been previously cold worked.  
 
 
Figure 1.1: Effect of Orientation on the Stress Corrosion Cracking Propagation in PWR 
Environment under Constant Loading Condition [16] 
 
The increase in the SCC susceptibility of cold worked austenitic stainless steels has been 
identified with the following factors: higher yield strength of cold worked material and the 
plastic strain field gradient ahead of the crack [3,17,18], localised heterogeneous 
deformation of cold worked microstructures including strain induced martensite, retained 
R581 
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delta ferrite and twin bands in the austenite matrix which eventually lead to generation of 
internal (residual) stresses [19,20], and also the effects of strain path and anisotropy [1-5]. 
The high temperature SCC studies by Tice et al. [16] showed the effects of strain paths and 
directional anisotropy on the crack propagation in cold rolled ASS. The results of their 
studies (see Figure  1.1) showed that rolling direction appeared to be the most susceptible, 
while the short-transverse direction was observed to be the least susceptible to the crack 
propagation in high temperature pressurised water reactor environment.  While the above 
factors may have been identified in the literature, an in-depth understanding of how these 
factors may facilitate the SCC susceptibility of cold worked material was the key objective 
of this thesis. And, this was achieved through a detailed characterisation of austenitic 
stainless steels cold worked to different degrees. 
 
The report is structured into 6 chapters. Chapter one covers the introduction to the report 
and brief background. The literature review is extensively covered in Chapter two. Chapter 
three contains the details of the material used and six key experiments carried out. In the 
first test, the metallographic characterisation of the cold rolled material was carried out 
using optical microscopy. The average grain sizes and proportion of retained delta ferrite 
were measured, and the average grain sizes were correlated with the levels of cold work. In 
the second test, the assessment of martensite development during the cold deformation of 
ASS was carried out using the neutron diffraction technique. The mechanical aspect of 
SCC was explored in the third test using mechanical testing and neutron diffraction 
techniques. The effects of cold work levels and strain path on the mechanical properties of 
ASS were studied. The hardness profile, yield strength anisotropy and lattice strain 
evolution during the in-situ deformation of cold rolled ASS along the 3 orthogonal 
directions were studied.  
 
The effects of prestrain levels and strain paths on the mechanical failure of cold rolled ASS 
were investigated in the fourth test carried out. The effects of cold work levels and sample 
orientation on electrochemical behaviour of ASS were investigated in the fifth test. And 
lastly, an attempt was also made within the realistic time to study the effects of prestrain 
levels on the SCC of ASS in a potentiostatically controlled chloride environment at 
ambient temperature. The results of all the experiments are discussed in chapter four. The 
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conclusions and recommendations for further studies are made in chapters five and six 
respectively.   
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Chapter Two 
 
2 Literature Review 
2.1 Stainless steels 
Stainless steels are iron based alloys containing greater than approximately 11wt% 
Chromium, Cr as one of the principal alloying elements. The stainless steels require this 
level of Cr content or more for their corrosion resistance through the formation of 
continuous thin layer of passive film on their surface to protect the substrate in a wide 
range of environments [8,21]. There are different groups of stainless steels based on their 
chemical composition, heat treatment and microstructure. The four main groups based on 
their microstructural classifications include: Ferritic (ferrite) Stainless Steels (FSS), 
Martensitic (martensite) Stainless Steels (MSS), Duplex (combination of ferrite and 
austenite) Stainless Steels (DSS) and Austenitic (austenite) Stainless Steels [21]. The 
chemical compositions and mechanical properties of some stainless steels from the above 
groups in their annealed conditions are shown in Table 2.1.  
 
Table 2.1: Composition and Mechanical Properties of Stainless Steels [8] 
 
Chemical Compositions of Stainless Steels (wt %) 
Mechanical 
Properties 
 (Annealed) MPa 
Name Type Cr Ni C Mn Si P S Others 
Yield 
 Strength 
Tensile 
 Strength 
429 14-16 - 0.12 1.0 1.0 0.04 0.03 - 293 486 
430 16-18 - 0.12 1.0 1.0 0.04 0.03 - 310 517 FSS 
446 23-27 - 0.20 1.5 1.0 0.04 0.03 0.25 N 345 551 
410 11.5-13 - 0.15 1.0 0.5 0.040 0.03 - 276 517 
420 12-14 - 0.15 1.0 1.0 0.040 0.03 - 345 655 MSS 
431 15-17 - 0.20 1.0 1.0 0.040 0.03 1.25-2.5 Ni 655 862 
7Mo Plus 26-29 3.5-5.2 0.03 2.0 0.6 0.035 0.01 0.25 Mo,1.5 N 579 779 
SAF2507 24-26 6-8 0.03 1.2 0.8 0.035 0.02 0.28 Mo, 4 N 550(min) 800 (min) DSS 
Zeron100 24-26 6-8 0.03 1.0 1.0 0.030 0.01 
0.2N, 3-4 Mo, 
0.5-1 Cu, W 550(min) 750(min) 
304 18-20 8-10 0.08 2.0 1.0 0.045 0.03 - 290 579 
304L 18-20 8-12 0.03 2.0 1.0 0.045 0.03 - 269 558 
304N 18-20 8-10.5 0.08 2.0 1.0 0.045 0.03 0.1-0.16 N 331 620 
316 16-18 10-14 0.08 2.0 1.0 0.045 0.03 2-3 Mo 290 579 
316L 16-18 10-14 0.03 2.0 1.0 0.045 0.03 2-3 Mo 220 517 
ASS 
347 17-19 9-13 0.08 2.0 1.0 0.045 0.03 
 (Nb+Ta)10xC 276 655 
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2.1.1 Ferritic Stainless Steels 
Ferritic stainless steel grades have nominal composition containing Fe, 12-30wt% Cr and 
less than 0.15wt%C. The higher amount of Cr and complete absence of Ni in FSS is 
responsible for ferrite with Body-Centred Cubic (BCC) crystal as the dominant 
microstructure. The typical Fe-Cr phase diagram is shown in Figure 2.1. High Cr content 
in FSS microstructure helps to stabilise the ferrite phase by extending the ferrite (α-phase) 
field and suppressing the austenite (γ-phase) field to a loop in the temperature range 850-
1400°C (Figure 2.1).  The microstructure remains ferritic or BCC up to the melting point 
(1505°C). The carbon present in FSS exists mainly as finely divided carbides precipitates, 
and only limited amount exists as dissolved carbon at room temperature [22].  
 
 
Figure 2.1: Iron-Chromium Phase Diagram [22] 
 
Ferritic stainless steels cannot be hardened by Precipitation hardening like the Fe-C 
equilibrium alloys. Precipitation hardening utilises ferrite-austenite and austenite-
martensite transformation during heating and quenching respectively. Precipitation 
hardening is not applicable to FSS microstructure because transformation of ferrite to 
austenite does not occur beyond 12-13wt% Cr content [22]. They are often strengthened by 
cold work. Their excellent ductility and low strain hardening properties are exploited in 
deep drawing, bending, roll forming and other forming operations. Thin sections of FSS 
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can be welded with less concern. However, grain growth and consequential loss of 
properties may occur when thicker sections are welded. Heat treatment (recrystallization 
process) may be carried out to ensure grain refinement with an improved yield strength in 
Cold work FSS and to ameliorate the problem of grain growth after welding [8,23]. 
 
Ferritic stainless steels have good corrosion and oxidation resistance at expense of 
mechanical properties because of their high Cr content. The low level of interstitial alloys 
(C, N) and higher Cr diffusion in FSS make the grades to be resistant to intergranular 
attack and are often considered to be immune from SCC except in some environments such 
as boiling magnesium chloride (MgCl2). The microstructure of FSS suffers from a number 
of metallurgical problems that may affect their structural integrity namely: impact 
transition at low temperature (ductile-to-brittle transition), 475°C embrittlement, high 
temperature embrittlement and sensitization [8]. 
 
Ferritic stainless steels are less widely used than the austenitic stainless steels because of 
some of the above problems. However, they have excellent applications in architectural 
and process industries for claddings. Ferritic stainless steels have remained the best 
candidate materials for the automotive exhausts and flue system because of their excellent 
high temperature oxidation resistance. They are often used for the design of washing 
machine drums due to their excellent resistance to highly corrosive detergents in constant 
humid conditions. Ferritic stainless steels also have been widely used for the manufacture 
of domestic appliances and packaging in food industries [23]. 
 
2.1.2 Martensitic Stainless Steels 
These grades of stainless steels have typical composition containing Fe, 10.5-18%Cr and 
0.15-1%C. Martensitic Stainless Steels derive its name from martensite which is the 
predominant microstructure at room temperature. They have Body-Centred Tetragonal 
(BCT) crystal structure in hardened condition. Figure 2.2 shows the equilibrium diagram 
from which MSS can be achieved. The size of the austenite phase (gamma loop) and the 
dual phase region containing austenite and ferrite depend on the relative proportion of Cr 
and C contents and this is central to achieving martensite structure following quenching. 
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The solidification of MSS alloy passes through the dual phase containing liquid, L and 
ferrite, α (L+α), and later solidifies to the ferrite phase, α (see Figure 2.1). The ferrite phase 
then undergoes allotropic transformation through another dual phase containing austenite, γ 
and ferrite (α+γ), which later transformed to austenite phase enclosed in the loop. The size 
of the loop depends on the relative amount of austenite and ferrite stabilising elements in 
the composition. Because of the level of relatively low Cr and high C contents, the alloy 
falls within the γ-loop.  
 
 
Figure 2.2: Iron Loop of Fe-Cr Phase Diagram for Alloys with about 0.004wt%C and 
0.002wt%N [8] 
 
The room temperature microstructures of the alloy depend upon cooling rate from austenite 
temperature. Slow cooling allows precipitation of second phase particle in form of carbides 
of different composition, giving rise to mixture of ferrites and carbides at room 
temperature. However, MSS is obtained by quenching the alloy from austenitic 
temperature. Rapid cooling results in diffusionless transformation of γ to non equilibrium 
phase, martensite from which MSS derives it name [24]. The steels are hardened as a result 
of transformation of austenite to martensite and must be further heat treated (tempered) to 
make them suitable for engineering applications. The tempering temperature is quite 
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important to the engineering applications of MSS. The resulting mechanical properties of 
MSS are strongly dependent on tempering temperature [8]. 
 
Martensitic stainless steels are ferromagnetic. They have poor formability and may be 
subject to impact transition at low temperature. Martensitic stainless steels are resistant to 
corrosion in relatively mild environment. They have unique advantage of high strength 
with adequate toughness, wear resistance and good fatigue resistance after heat treatments 
which make them suitable for some special applications. They are largely used for turbine 
components; valve parts; fasteners; cutlery; mining equipments and in oil and gas 
industries. High carbon grades of MSS are not suitable for applications which involve 
welding; high ductility; greater degree of formability and operation temperature between 
400-600°C to avoid the risk of temper embrittlement and intergranular attack by 
sensitization [8, 23].  
 
2.1.3 Duplex Stainless Steels 
Duplex Stainless Steels are hybrid of ferritic and austenitic stainless steels with typical 
compositions containing Fe, 20-30%Cr; 2-8%Ni; 1-3%Mo with extra low carbon. At 
elevated temperature, the melt solidify into ferrite from which austenite is precipitated. The 
volume fraction of austenite in ferrite matrix depends on the cooling rate and presence of 
austenite stabilising alloys (like N). In commercial practice, DSS may be heat treated at 
temperature in the range 1050-1150°C and subsequently water quenched to obtain 
microstructures of about 50% ferrite and 50% austenite [8].   
 
Some duplex stainless steels have superplastic properties. They can be subjected to 
uniform large deformations without local necking at about half of their absolute 
temperature. The superplasticity of DSS is favoured by the small grain sizes obtained from 
ferrite-austenite phase transformation [8]. They have higher strength than austenitic 
stainless steels. The presence of higher amount of Cr, Mo and N offers DSS good 
resistance to localised and uniform corrosion. The presence of ferrite microstructure with 
relatively greater Cr diffusivity offer DSS better resistance to sensitization-induced 
intergranular corrosion and high resistance to SCC. Duplex stainless steels are weldable, 
but care must be exercise to maintain correct balance of austenite and ferrite. They are 
ferromagnetic and are subject to an impact (ductile to brittle) transition at low temperature. 
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Duplex stainless steels are formable to a reasonable extent but require greater amount of 
force than austenitic stainless steels. Duplex stainless steels are used in power industry feed 
water heaters and flue-gas scrubbers. They are also used in chemical industry for heat 
exchangers, pressure vessels and for oil and gas production equipments [23]. 
 
2.1.4 Austenitic Stainless Steels 
Austenitic Stainless Steel grades have typical compositions containing Fe, 16-30wt%Cr, 8-
25wt% Ni and less than 0.15wt% C. The detail composition and mechanical properties of 
some ASS grades in annealed condition are shown in Table 2.1. The predominant 
microstructure in austenitic stainless steels at ambient temperature is austenite. Additions 
of austenite stabilising elements namely Nickel, Manganese and in particular, the 
interstitial elements such as Carbon and Nitrogen can significantly modify the gamma loop 
in Fe-Cr diagram (Figure 2.1) to achieve Face-Centred Cubic (FCC) austenite structure 
[21]. Figure 2.3 A & B show the effects of C and N alloy additions respectively, on the 
gamma loop. This is obvious in the expansion of the two phase (α + γ) region into higher 
Cr regions and the shift of the two phase field maximum expansion point (nose of the 
curve) to higher temperatures [22]. 
  
      
Figure 2.3: Effects of Carbon (A) and Nitrogen (B) on the Expansion of Dual Phase (α + γ) in 
the Fe-Cr Phase Diagram [22] 
 
The effect of carbon is shown in Figure 2.3A. Addition of 0.013wt%C and 0.015wt%N 
caused significant expansion of the two phase region from 11.5wt%Cr to 17wt%Cr. 
Further expansion to 21wt%Cr and 26wt%Cr were also observed with increase in 
B A 
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interstitial alloy addition up to 0.04wt%C, 0.03wt%N and 0.19wt%C, 0.02wt%N 
respectively. The trend of the temperature shift as a result of the interstitial alloy addition is 
similar to the dual phase expansion trend. However, the greatest change in temperature 
corresponds to the 0.19wt%C, 0.02wt%N addition which resulted to the temperature shift 
(at the nose of the curve) from about 1075°C for the pure alloy to about 1300°C. Similarly, 
as evident from Figure 2.3B, N also has a strong effect on the expansion of the dual phase 
and on the shift of the maximum expansion region to the higher temperature region [22]. 
Additional modifications to ASS composition have lead to evolution of different grades 
with improved performance some of which are list below [8]: 
 
i. Type 302 is the higher carbon (0.15wt %) version of 304 with higher yield 
strength upon cold rolling. 
ii. Type 316 contains 2-3wt%Mo with improved pitting corrosion resistance. Mo 
helps to facilitate the death of the pit through enhanced rate of repassivation [25]. 
iii. Types 304L and 316L represent the lower carbon (0.03wt %max) grades of Type 
304 and 316 respectively. Lower carbon reduces susceptibility to sensitization 
during high temperature applications including welding. 
iv. The H-grades including Type 304H and 316H have relatively higher C content 
(between 0.04-0.1wt %). They can be used in solution annealed condition and 
have high creep rupture strength at elevated temperature. However, they are 
susceptible to sensitisation if used between 550-850°C. 
v. The nuclear grades (NG) including 304LN, 316LN contain less than 0.02wt%C. 
N is also added to complement the loss in strength as a result of low C content. 
They are used in nuclear industry for making BWR piping.  
vi. Types 305 and 384 have higher Ni content and are suitable for cold formability 
because of their low work hardening.  
vii. Type 321, 347 and 348 are the stabilised grades containing titanium, niobium 
plus tantalum and niobium addition respectively. They are suitable for high 
temperature application with low risk of sensitization. The stabilising alloys have 
greater affinity for carbon than the Cr which is much needed for corrosion 
resistance. 
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The pseudo-binary phase diagram for Fe-18wt%Cr-8wt%Ni in Figure 2.4A shows the 
equilibrium phases in alloys containing C content between 0.03 and 0.7wt%. The room 
temperature microstructures of these alloys contained austenite, carbides and ferrite. 
However, other microstructures which are formed below 0.03wt%C and between 0.03 to 
0.7wt%C below the line SK namely: α + carbide and γ + α + carbide respectively may be 
too slow to be feasible at the practical cooling rate of the commercial alloys, which contain 
significant level of austenite former. 
 
 
   
Figure 2.4: Pseudo-Binary Phase Diagram for Fe-18wt%Cr-8wt%Ni Alloy with Varying 
Carbon Content (A) and Solid Solubility of Carbon Curve (B) [8] 
 
Figure 2.4B shows the simplified diagram often considered to be representative of the real 
situation (though not equilibrium diagram) for commercial purity materials. The austenite 
transformation to ferrite is often ignored. This might be due to higher solubility of C 
(which acts as stabiliser) in austenite. From the Figure 2.4B, austenite is expected to be the 
dominant and stable microstructure below 0.03wt%C. The austenite in excess of 
0.03wt%C is expected to precipitate carbide (M23C6, M represents carbide forming metals) 
on cooling below the solubility line, therefore making austenite and carbide as the 
predominant microstructures at the room temperature [8].  
 
Austenitic stainless steels are non magnetic in the annealed condition and can not be 
strengthened by heat treatment (by precipitation hardening) but can be strain hardened 
B A 
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during the plastic deformation, including cold work [21]. Austenitic stainless steels are 
general purpose grades used in applications requiring good combination of corrosion 
resistance and formability [8]. They have wide range of applications in process plants, 
cryogenic plants, food industry and nuclear industry. Type 321 was used extensively in the 
construction of the UK Dounreay fast reactor. The primary circuit control rods 
components, thermal insulation and hot box components were manufactured from Types 
304, 316 and 321 [26]. In French power plant, pressurisers and heaters rod were also 
fabricated from cold worked austenitic stainless steels [5]. The integrity of ASS as an 
engineering material can be seriously affected by localised corrosion including stress 
corrosion cracking when all the prerequisite conditions are present.   
 
2.2 Stress Corrosion Cracking of Austenitic Stainless Steels 
Austenitic stainless steels, particularly Type 304 have good resistance to general corrosion. 
However, they are susceptible to localised corrosion including Stress Corrosion Cracking. 
Stress corrosion cracking occurs under the influence of the three key factors namely: 
susceptible material, tensile stress (applied and residual stress) and corrosive environment 
which provides the electro-chemical driving force for corrosion reaction. These three 
prerequisites are required to be present simultaneously for the SCC to occur and the 
elimination of one is expected to stop SCC from taking place. It is obvious from the above 
conditions that SCC susceptibility can be reduced through any or all of the following 
measures [27]: 
i. Reducing the tensile stress below threshold value either by improving sample 
design or processing techniques. 
ii. Eliminating or reducing the severity of the corrosion environment and by 
iii. Using less susceptible material through the modification of alloying additions or 
heat treatment.  
The damage caused by SCC occurs in stages namely: the stage of crack nucleation which 
may occur from any of the following locations: passive film breakdown, corrosion pits, 
material discontinuity, non metallic inclusions, machining groves or notches. The second 
stage is the transition from the crack initiation to propagation and lastly, the stage of crack 
propagation where crack grows microscopically at right angle to the tensile force driving it. 
  
 
36 
The tensile stress required to propagate the crack is lower than the stress needed to fracture 
the material without the corrosion environment [8, 9].  
 
There are few well developed models of SCC initiation due to several complicating factors. 
The experimental measurement of crack initiation and the ability to determine the point at 
which a pit actually becomes a crack is one of the limiting factors. Most of the SCC studies 
have been focused on crack propagation. The propagation of SCC in the material occurs 
mostly in two modes namely: intergranular and transgranular modes or sometimes mixture 
of both [27].  Failure is classified as IGSCC when cracks develop and propagate along the 
grain boundaries. Intergranular SCC is widely associated with the precipitation of 
chromium carbides on the grain boundaries and the resulting depletion of Cr adjacent to 
the grain boundaries otherwise referred to as sensitisation [11]. On the other hand, the 
failure that occurs when cracks propagate along the crystallographic slip planes within the 
grains is considered TransGranular Stress Corrosion Cracking (TGSCC) [28]. This type of 
failure is most likely to occur in a chloride environment. The detailed review of the 3 
prerequisites necessary for SCC to occur is as follows. 
 
2.2.1 Materials 
The susceptibility of material to SCC in a particular environment is strongly affected by a 
number of metallurgical factors including chemical composition, microstructure and the 
choice of heat treatment particularly during the stress relief annealing to prevent 
sensitisation from occurring. Prevention of SCC requires careful selection of major and 
minor alloying additions and an understanding of the effect of the microstructures on 
corrosion. Some of the effects of chemical compositions on the material and the key 
microstructures are highlighted as follow. 
 
2.2.1.1 Effect of Chemical Composition 
Alloying elements have significant effects on the microstructural phases in the material. 
The stability and the mechanical properties as well as the physical properties of various 
phases depend on the combination of alloying element present. Alloying elements are 
broadly classified as either austenite (γ) stabiliser or ferrite (α) stabiliser [21, 32]. The 
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summary effects of alloy additions in austenitic stainless steels are shown in Table 2.2. 
Further details of each of the alloying elements can be found in the Appendix 1.  
 
The room temperature microstructures may also be predicted from the chemical 
compositions of the material. An approximate relationship between the microstructures and 
the compositions of stainless steels is shown by the Schaeffler diagram in Figure 2.5. The 
diagram is made by plotting the ‘Nickel equivalent’ (Niequivalent) against the ‘Chromium 
equivalent’ (Crequivalent). Nickel equivalent and Chromium equivalent are calculated from 
austenite stabilising and ferrite stabilising elements according to Equation 2.1 and Equation 
2.2 respectively [8, 29]. 
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Figure 2.5: Schaeffler Diagram [8,29] 
 
The Schaeffler diagram is not an equilibrium diagram [8]. However, it can be used as a 
tool for the prediction of final microstructure after rapid cooling from 1050-1100°C to 
room temperature. This temperature range is sufficiently high to ensure complete solution 
of carbides in steels without causing substantial increase in the amount of ferrite [30]. 
Typical microstructures present in the Schaeffler diagram include: ferrite, austenite and 
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martensite. Detailed reviews of these microstructures and others that may be present in 
ASS at room temperature are as follow. 
 
Table 2.2: Effects of Alloy Additions in the Stainless Steels  
Elements 
Stabilising 
Effects Effects on the Austenitic Stainless Properties 
Carbon, C Austenite 
The yield stress, residual stress and the level of martensite 
increases with C [31]. It enhances carbide formation [32]. 
Chromium, Cr Ferrite 
Improves corrosion resistance through formation of passive film 
[21, 26, 32]. 
Nickel, Ni Austenite 
Suppresses α-stabilising effect of Cr through the expansion of 
γ-loop. Addition of Ni helps to improve fracture toughness [32]. 
Nitrogen, N Austenite 
N is a Strong interstitial strengthener in the austenite, it lowers 
the Martensite start (Ms) temperature [26]. Higher amount 
could lead to nitride formation [11, 8]. 
Manganese, Mn Austenite 
Addition of Mn beyond 2wt% is considered detrimental to 
chloride SCC resistance [8]. Mn Reacts with Sulphur to form 
sulphide (MnS) which may act as stress raiser [21]. 
Molybdenum, Mo Ferrite Mo helps to Improve pitting corrosion resistance [8] 
Silicon, Si Ferrite 
Si addition is known to be beneficial to chloride SCC resistance 
[8], but report [33] suggests it enhances crack growth rate of 
Type 304L tested in high temperature environment. 
Sulphur, S - 
Forms sulphides (MnS) with Mn. Spheroidisation of sulphides 
enhance the machinability of stainless steels by acting as a chip 
breaker [34].  
Phosphorus, P - 
P is considered as impurity and it reduction to 0.003wt% can 
improve chloride SCC resistance [8]. 
Copper, Cu Austenite 
Addition of Cu to ASS increases the stacking fault energy of 
iron and greater propensity towards cross slip [35]. 
Titanium, Ti Ferrite 
Ti has higher affinity for C than Cr and thus helps to stabilise 
Cr against precipitation as carbide. The stability of Cr by Ti 
addition helps to reduce susceptibility to intergranular SCC [8]. 
 
2.2.1.2 Microstructures 
Some of the microstructures that may be present in the ASS at room temperature include: 
retained delta ferrite; austenite; martensite; sulphide inclusion and carbides. The detail 
review of these microstructures is as follow.  
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i. Ferrite 
Ferrite is an equilibrium phase in alloy steels. Two types of ferrite may be present in ASS 
microstructure namely high temperature delta ferrite (δ) and room temperature alpha ferrite 
(α). Delta ferrite is formed from the melt at elevated temperature and may remain 
unchanged down to the room temperature depending on the chemical composition, as 
retained delta ferrite. Alpha ferrite is formed from the transformation of austenite at 
relatively low temperature. Both ferrites have Body–Centred Cubic (BCC) crystal structure 
(Figure 2.6).  
 
     
Figure 2.6: Body-Centred Cubic (BCC) Crystal Structure [36]. 
 
The Body-centred crystal structure contains total of two atoms which is made up of one-
eighth (⅛) of each of the eight corner atoms and one whole atom at the centre of the crystal 
[36]. The planes with highest atomic density in BCC are the {110} planes (Figure 2.6). 
But, unlike {111} planes in FCC, they have no dominant effect on other planes. Hence slip 
can occur by movement of dislocation with Burgers vector of type ½<111> on {110}, 
{112} and {123} planes along the only close-packed direction [111]. The {110} planes 
contain a total of 12 slip systems (6 slip planes with 2 possible slip directions each), the 
{112} planes contain 12 slip systems (12 slip planes each with a slip direction), and {123} 
planes contain 24 slip systems (24 slip planes each with a slip direction).  Therefore, some 
BCC materials (such as α-iron) may contain up to 48 slip systems. The fact that BCC 
planes are not so close-packed like FCC thus makes slip relatively difficult and needs 
greater shear stress to occur. In addition, the slip lines in BCC metal has a distinct wavy 
(110) 
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appearance because the dislocation can readily cross slip due to larger number of slip plane 
on the only close packed direction [37].  
 
Ferrite phase is stabilised with Cr addition and other elements which include Si, Ti, Mo 
and Nb. The volume fraction of ferrite is reduced with the addition of austenite stabilising 
elements such as Ni, Mn, C and N [21]. The presence of ferrite in an austenite matrix can 
be beneficial or detrimental depending on the application. Ferrite is present in corrosion 
resistant cast steels, and it helps to improve weldability and corrosion resistance in specific 
environments. The presence of delta ferrite in ASS improves resistance to chloride SCC 
due to its interference with crack propagation across the austenite matrix [8, 32]. Fully 
austenitic stainless steel is susceptible to hot cracking or microfissuring during welding. 
The use of filler metal that produces up to 4% ferrite can help to reduce hot cracking [11] 
and intergranular cracking in the weld deposit and heat affected zone of austenitic stainless 
steels.  
 
However, one of the concerns about ferrite is its relatively low fracture toughness compare 
to austenite. In addition, exposure of ferrite to high temperatures can cause some 
metallurgical problems including “475°C embrittlement”. Hard and brittle (including 
sigma, σ and chi, χ) phases may develop on long term exposure of ferrite to elevated 
temperature and this affects the toughness and ductility. This may also lead to the 
reduction in pitting and crevice corrosion resistance [11]. Sigma phase is beneficial in 
some grades because it helps to improve wear resistance.   
 
ii. Austenite  
Austenite (γ) is an equilibrium phase in alloy steels and it is the predominant phase in ASS. 
It is formed from mixture of high temperature delta ferrite (δ) and liquid melt by peritectic 
reaction, (δ + liquid → γ) [35]. Austenite has Face-Centred Cubic (FCC) crystals structure 
(Figure 2.7). Face-centred cubic crystal has total number of 4 atoms which is made up of 
one-eighth (⅛) plus half (½) atom at each of the eight corners and six faces of the cubic 
crystal respectively [36].  In FCC lattice, slip occurs by movement of dislocations with 
Burgers vector of type a/2<110> on the close-packed planes {111} [35]. The FCC crystal 
contains total of twelve possible slip systems, where each of the four sets of the octahedral 
{111} planes contains three <110> directions (Figure 2.7) [37]. 
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Austenite is non magnetic. Austenite is stabilised with Ni and other elements including C, 
N, Mn, Cu and Co and its stability may be affected by the ferrite stabilising elements. 
Austenite has higher solubility of carbon than ferrite because of large interstitial space and 
low interatomic strain in FCC iron. Austenite can undergo diffusionless transformation to 
martensite upon rapid cooling (quenching) from elevated to room temperature [13]. 
Another important factor that can affect the stability of austenite is the stacking fault 
energy because of its role on the formation of shear band which is suggested as a probable 
sites for the nucleation of strain induced martensite [38]. 
 
   
Figure 2.7: Face-Centred Cubic (FCC) Crystal Structure [36]. 
 
iii. Martensite 
The transformation of austenite to martensite may occur in ASS in two different ways. 
Martensite may be obtained thermally, if the austenite is rapidly cooled from austenising 
temperature to subzero. The rapid cooling prevents decomposition of austenite to ferrite or 
pearlite by diffusional process. The two significant features of martensitic transformation 
are the temperatures at which martensite formation starts (MS) and finishes (Mf) during 
rapid cooling. The MS of most carbon and low-alloy steels [35] falls between 500-200°C 
while the Mf is approximately 120°C below the MS depending on the carbon content. The 
MS of some high-alloy steels including stainless steels can be well below the room 
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temperature. The MS-Mf range for ASS is below 0°C thus making it suitable for cryogenic 
applications [42].  
 
The martensite start, MS for the ASS may be predicted from the chemical composition 
according to the Equation 2.3 [8]. The MS temperature decreases as the carbon content 
increases (Figure 2.8A). This is partly because of stabilising effect of carbon on austenite. 
In the sensitised ASS grade, carbides are formed from the reaction between Cr and C. The 
precipitation of carbide may facilitate the formation of martensite in addition to carbides 
on the grain boundaries due to the higher MS that may result from localised decrease in 
carbon content [8].  
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…………… Equation 2.3 
 
      
Figure 2.8: The Plot of Martensite Start, Ms as a function of Carbon in Steels (A), Schematic 
of Shear and Surface Tilt Associated with Formation of Martensite Plate (B) [35]  
 
Alternatively, Strain Induced Martensite (SIM) may also be produced mechanically 
through the shear transformation of austenite during cold working. The schematic 
illustration of the martensite formation by shear mechanism is shown in Figure 2.8B [35].  
The martensite formed is displaced by the shear partly above and below the surface of the 
austenite. The surface tilting is a characteristic feature of martensitic transformations. The 
B A 
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formation of SIM by shear displacement can occur above room temperature during cold 
deformation according to the transformation sequence: (γ) → HCP (ε) → BCC (α'). The 
amount of SIM that forms from shear transformation of austenite depends on the amount of 
strain applied, strain rate, deformation temperature and chemical composition [42,39]. The 
intermediate ε-martensite may be absent from the sequence if the composition is changed 
to that which increases the stacking fault energy (such as addition of Cu). The highest 
temperature at which a designated amount of SIM is formed by 30% true tensile strain, 
MD30 is used to characterise austenite stability relative to the deformation. The correlation 
between the chemical composition and the parameter MD30, is given by Equation 2.4 [8].  
 
)(5.18)(5.9)(7.13
)(1.8)(2.9)(462413)(30
MoNiCr
MnSiNCCM oD
−−−
−−+−=
………………….Equation 2.4  
 
It is argued that formation of α'-martensite occurs exclusively at the intersection of twin 
faults or shear bands by shear-induced mechanisms [26]. Shear bands are coalescence of 
planar defects which formed as a result of the overlapping of the stacking faults on 
austenite {111} planes during the plastic deformation [38]. Report elsewhere [40] in 
support of the argument, claimed that, greater volume of SIM was observed under biaxial 
tension compare to uniaxial tension and this was attributed to shear band intersection in the 
former than the later.   In cold worked ASS, the amount of martensite increases with cold 
work level and decreases as the deformation temperature rises [39].  
 
 
Figure 2.9: Effect of Rolling Temperature on Tensile Strength of ASS Type 301, 302 & 310 [8] 
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The Figure 2.9 summarises the effects of: cold rolling; deformation temperatures; the 
amount of SIM; and the material composition on the mechanical property of ASS. One of 
the inferences that could be drawn from Figure 2.9 was that the hardenability of cold 
worked ASS may not be limited to strain hardening alone, other factors such as the 
presence of significant amount of SIM which may have formed during the deformation at 
cryogenic temperatures may also contribute to higher tensile strength observed [8]. 
 
The martensite in iron-base alloys which contain substitutional alloying elements including 
Fe-Ni and Fe-Cr-Ni alloys usually have BCC crystal structure because of random 
distribution of the substitution element on the lattice sites. Martensite with Hexagonal 
Closed-Packed (HCP) structure may also exist in some stainless steels and high alloy steels 
with more than 15wt%Mn. Martensite in steels contains more C or other alloying elements 
than ferrite phase. They also have fine-scale substructure which contains high density of 
dislocation or internal twins. Martensite has high strength mostly attributed to its 
supersaturation with C. The high strength of martensite is also attributed to fine grain size 
and the presence of substitutional alloying element including nickel [35]. 
 
Martensite once nucleated, propagates at nearly the velocity of an elastic wave in iron 
(~103m/s) until it is arrested by a grain boundary, twin boundary or another martensite 
volume. The martensite unit that form in the shape of laths are grouped into larger sheaves 
or packets are called lath or packet martensite. While the martensite unit that forms as an 
individual, lenticular, plate-like is called plate martensite. Martensite may also exist in th 
form of a sheet often called sheet martensite [35, 42]. The role of martensite on SCC 
susceptibility is suggested to be inconsequential. According to the report of Raquet et al. 
[5], similar crack extension was observed in material that was previously cold worked at 
room temperature with a significant level of martensite and another material cold worked 
by fatigue at 200°C, without martensite when both were subjected to Constant Extension 
Rate Test (CERT) in simulated PWR primary water at 360°C.  These results suggest no 
obvious effect of pre-existing martensite on the SCC susceptibility of the cold rolled ASS.     
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2.2.1.3 Heat Treatment  
i. Stress Relief Annealing  
Stress relief annealing is one of the heat treatments commonly applied to stainless steels 
welds, cast or cold worked piece to reduce the level of internal stresses locked up in the 
material. Partial stress relief annealing treatment requires heating and holding the material 
between 400-600°C for an extended time of up to 1 hour and followed by controlled 
cooling to room temperature. Slow cooling is required to prevent thermal stresses from 
developing particularly in large components with likelihood of thermal gradient. Full stress 
relief annealing can be achieved in the range 800-900°C. This temperature range may 
cause recrystallization of deformed grains to occur leading to birth of new stress free 
grains. The report of Cigada et al. [41] featured investigation of the significance of partial 
and full annealing heat treatment of cold worked 304L at 400°C and 900°C respectively on 
SCC susceptibility. The tests carried out in boiling MgCl2 showed a significant increase in 
SCC resistance and no evidence of SCC susceptibility after partial and full annealing 
treatment respectively. 
 
However, the prolonged heating and slow cooling of stainless steel through the 
sensitisation temperature range (500-850°C) is a delicate choice that may lead to 
intergranular carbides precipitation and depletion of Cr adjacent the grain boundaries [8].    
 
ii. Sensitization  
Austenitic stainless steels may be susceptible to sensitization when they are subjected to 
heat treatment or high temperature applications [8]. The reason for sensitization can be 
understood from the phase relationships and carbon solubility in Fe-18wt%Cr alloy shown 
in Figure 2.10A. In Figure 2.10A, large proportions of carbon present in the solid solution 
at elevated temperature (above 1200°C) are precipitated as carbides (predominantly M23C6, 
where M is a carbide forming metal [26]), as the temperature drops down to room 
temperature. This can be understood from solvus line PQ which shows gradual decrease of 
carbon solubility in ferrite phase. An alloy becomes susceptible to sensitization and 
intergranular corrosion when it is heated to an austenising temperature above line PL 
(about 925°C) irrespective of whether the alloy is water quenched or air cooled to room 
temperature [8]. The heating causes the dissolution of carbide and nitride into the ferrite 
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and austenite until the ferrite becomes saturated with carbon and nitrogen. Upon cooling, 
the solubility of C and N decreases and rapid precipitation of carbide and nitride occurs 
simultaneously. The precipitation of carbide within a temperature range of about 500-
800°C causes Cr depletion in their immediate vicinity (Figure 2.11).  
 
   
Figure 2.10: Pseudo-Binary Phase Diagram for Fe-18wt%Cr with varying Carbon Content 
(A), Time-Temperature-Sensitization Curves of Austenitic and Ferritic Stainless Steels of 
Equivalent Chromium Content (B) [8]. 
 
 
Figure 2.11: Schematic Illustration of Mechanism of Sensitization [42] 
 
The linking of the Cr-depleted zones (Figure 2.11) provides a continuous path of lower 
corrosion resistance along the grain boundaries. It is along this path that the propagation of 
B A 
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intergranular corrosion or SCC occurs [42]. Sensitized microstructures may also develop 
during slow cooling from high temperatures, heat treatment, high temperature service and 
welding. 
 
The difference in sensitizing temperature between ferrite and austenite is obvious from 
Figure 2.10B. The lower solubility of C and N in ferrite than austenite may have been 
responsible for rapid precipitation of carbide and nitride from ferrite. In addition, nitrogen 
is considered detrimental to the sensitization resistance of FSS, whilst it strengthens [8] 
and help to stabilise austenite phase in ASS. The two predominant carbide precipitates 
which occur above 600°C in unstabilised and stabilised ASS are M23C6 and MC carbides 
respectively. The precipitate, M23C6 is mainly composed of chromium carbide but other 
elements that can partially substitute Cr may also be present depending on the aging time 
and temperature. When Fe and Mo are present the formula is written as (CrFeMo)23C6. The 
sensitisation process has been widely used to explain the intergranular precipitation of 
M23C6 and its practical implication is the reduction in intergranular corrosion resistance 
and poor mechanical (ductility and fracture toughness) properties [26]. 
  
The MC precipitate occurs in ASS Type 321 (titanium-stabilised) and 347 
(niobium+Tantalum-stabilised) stainless steel grades as TiC and NbC precipitates, 
respectively, when their microstructures are thermally aged. Stabilising heat treatments at 
temperatures of about 840-900°C, which may last several hours are often necessary in Ti 
and Nb stabilised grades to ensure precipitation of their respective carbides. The formation 
of MC precipitates effectively reduces the matrix C content that might be available for 
M23C6 precipitation at lower temperature. The precipitation of MC carbides usually occurs 
in the grain matrix. However, intergranular precipitation may occur under some conditions 
of high temperature leading to a knife edge attack. Knife edge attack is a form of corrosion 
that occurs in the weld fusion zone [26]. 
 
The risk of sensitization in ASS can be reduced through the following metallurgical 
remedies: the use of low carbon (0.03% max.) grades (e.g. 304L, 316L); heat treatment to 
re-diffuse Cr back into the depleted regions (e.g. postweld heat treatment of the welded 
material) and the use of Ti (Type 321) or Nb plus Ta stabilised (Type 347) grades, [8] are 
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possible ways of reducing the susceptibility to sensitization and stress corrosion cracking 
in stainless steels. 
 
2.2.2 Environment  
Environment is another key factor required for SCC to occur. The multiplicity of SCC 
mechanisms and the lack of agreement as to which mechanism is most justifiable make it 
highly imperative to define SCC in term of the environments that cause it. The two most 
common high temperature water SCC environments in nuclear power industry include 
simulated BWR and PWR environments. Other prevalent SCC environments which 
include chloride SCC, caustic SCC and polythionic SCC are often used to describe SCC of 
stainless steels in environment containing chloride, sodium hydroxide and polythionic 
acids (H2SXO6, x = 3, 4, or 5) respectively [8].  The low temperature chloride environment 
and the high temperature water, namely the BWR and PWR environments are reviewed in 
this report.  
 
2.2.2.1 Chloride Stress Corrosion Cracking 
The chloride stress corrosion cracking of stainless steels has been widely studied using 
austenitic stainless steels, the bulk of which are done in the boiling magnesium chloride 
(MgCl2) solution. The popular choice of boiling MgCl2 was probably due to its severity 
and the confidence that the stainless steels that exhibit longer time to failure in the 
concentrated boiling MgCl2 will be more reliable with less chance of chloride cracking in 
the less aggressive service environment. The SCC test (using U-bend test) in boiling 
MgCl2 is relatively fast and simple to carry out. This allows quick screening of the 
different choices of material and comparisons of test results. The boiling MgCl2 test was 
first described in 1945 and has since been standardised as ASTM G36. The stress corrosion 
cracking test in boiling acidified solution of Sodium Chloride (NaCl) solution was later 
standardised in 1994 as ASTM G123. The test in boiling acidified NaCl is less aggressive 
and is known to show better correlation with the service environment than the boiling 
MgCl2 [8].    
 
Stress corrosion cracking in sensitised ASS is known to propagate along the grain 
boundaries while non sensitised materials predominantly exhibit transgranular cracking in 
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the chloride environments. Chloride stress corrosion cracking can be affected by a number 
of environmental parameters and these include temperature, pH, electrochemical potentials 
and relative humidity. The long held tradition was that SCC does not occur in non 
sensitised ASS at temperature below about 60°C in near neutral chloride solutions [8]. It is 
now known, that chloride SCC can indeed occur at ambient temperature in a severe test 
conditions such as in slow strain rate tests and U-bend tests. Gosh et al. [43] reported the 
observation of transgranular cracking in U-bend tests carried out on annealed, machined 
and 10% cold worked, 304L samples tested in 1M HCl at room temperature. Short and 
shallow cracks were observed in the machined sample probably due to higher hardness 
caused by work hardening at the surface. The results of their tests showed a strong 
correlation between the hardness value and the time to crack detection. The results suggest 
that chloride stress corrosion cracking susceptibility increases with hardness values.  
 
The crack growth rate increases with rise in temperature and under the immersion 
condition, chloride SCC is enhanced by the increase in the chloride concentration, presence 
of oxygen and reduction of pH. In absence of applied potential, the pH values and the 
chloride concentrations in the range of -0.5 to 0.5 and 0.5 to 5M respectively have been 
suggested as the necessary conditions for the occurrence of ambient temperature chloride 
SCC of austenitic stainless steels [43]. The acidification in the crack pit is not different 
from those of pitting and crevice corrosion. It probably occurs by the hydrolysis of the 
metal ion thus leading to the formation of strong acid and either weaker or stronger base as 
in the case of MgCl2 or NaCl respectively. The strength of the acid and base that are 
formed may provide clue on why SCC susceptibility are more severe in MgCl2 than in 
NaCl [8]. 
 
The effect of Electrode potential is also significant on the SCC susceptibility. The SCC 
susceptibility increases as the potential increases in the noble potential direction, while it 
reduces as the potential is increased in the active direction until the cathodic protection is 
reached. The attainment of cathodic protection either by the use of impressed current or by 
using a sacrificial anode has been shown to be effective for mitigating crack initiation in 
the sensitised 304 in NaCl at 80°C. The addition of some inhibitors at the right 
concentration can also be used to effectively reduce the severity of chloride SCC namely: 
silicates, nitrates, phosphates, carbonates, iodides and sulphates [8]. All anions present in 
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the electrochemical cell participate in the migration to the anode but there dominant effect 
depends on the concentration, charge and mobility. This suggests that chloride needs to be 
the predominant anion in the pit for the rapid dissolution of the metal to occur. The 
dissolution rate in the pit may also increase by the presence of anions that increase the 
cathodic reaction process namely: the dichromate (Cr2O72-) and hypochlorite (OCl-). 
 
2.2.2.2 Boiling Water Reactor Environment 
The Boiling Water Reactor environment is an oxygenated high temperature water 
environment containing dissolved oxygen and chloride contents of between 0.15-0.3ppm 
and 0.02-0.5ppm respectively [8]. The major differences between the BWR and PWR 
environments according to the Andresen et al. [17] include the coolant additives that 
modify the pH, the hydrogen fugacity, and the operating temperature and pressure. The 
schematic diagram of BWR is shown in Figure 2.12. The reactor comprises of the core 
which generates heat from nuclear fission reaction and a single force-circulated loop which 
both deliver steam to the turbine and returns cooling water to the core through electrically 
powered pumps. The pressure in the BWR is kept sufficiently low (at about 7MPa or 
1000psi) to ensure that water boiling occurs at operating temperature of about 290°C [44].   
 
 
Figure 2.12: Schematic Diagram of Boiling Water Reactor [44] 
 
The recirculating coolant in a the BWR is high-purity neutral-pH water containing 
typically 0.2mg/L (ppm) radiolytically (dissociation of water molecules into hydrogen and 
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oxygen by ionising radiation) produced Dissolved Oxygen (DO) and containing less than 
stoichiometric amount of dissolved hydrogen of about 0.02mg/L [26]. The BWR 
environment is regarded as an oxidising environment because the extra amount of DO in 
the water is sufficient to provide the electrochemical driving force required for 
intergranular SCC. The reduction of dissolved oxygen may facilitate oxidation of the 
chromium depleted zone of the stainless steels. The rate of SCC increases with increasing 
level of DO up to about 3mg/L and above which the oxygen arrival is subject to the 
limiting diffusion rate. The rate of intergranular SCC may also be influenced by 
contamination of the oxygenated water with anions which include chloride, sulphate and 
carbonate [27]. 
 
The SCC susceptibility of stainless steels as a result of DO in BWR environment can be 
minimised by reducing oxygen concentration of the water to below 0.2mg/L. Some of the 
oxygen reduction measures involve use of additives which include ammonia, hydrazine, 
ammonia-hydrazine, hydrazine morpholine and hydrogen. The effect of hydrogen addition 
on the corrosion potential is shown in Figure 2.14. Hydrogen has been widely used 
including the laboratory tests, not only because of economic reasons but it causes no pH 
change, and it is neither corrosive nor toxic [27, 17]. 
 
2.2.2.3 Pressurised Water Reactor Environment 
The Pressurised Water Reactor environment is an hydrogenated high temperature water 
environment containing sufficiently higher amount of hydrogen [3]. The schematic 
diagram of typical commercial PWR is shown in Figure 2.13. The key operation units of 
PWR include: the reactor core where heat is produced by fission reaction. The primary 
coolant loop (red colour) carries the pressurised high temperature water to the Steam 
Generator (SG). The steam generator vaporises the water into steam in a secondary loop 
(blue colour) to drive the turbine for electricity generation.  
 
Pressurised water reactor operates at higher pressure of about 9-15 MPa (1400-2250 psia) 
to prevent gross boiling so that the liquid state of the primary loop system is maintained at 
the operating temperature of about 340°C [44]. The SG tubes are made from Alloy 600 
with secondary surface area made from stainless steel, whilst the interconnecting piping 
and the cladding of the pressure vessel are all made from stainless steels [27]. 
  
 
52 
 
 
Figure 2.13: Schematic Diagram of Pressurised Water Reactor [44] 
 
The water chemistry of PWR environment is different from BWR because of orthoboric 
acid (H3BO3) addition which is often used for neutronic control. Lithium hydroxide 
(LiOH) is also added to create a basic pH of about 7.1-7.4 in the primary loop coolant. 
Hydrogen overpressure is maintained in the coolant circuit to produce dissolve hydrogen 
concentration (<2000ppb) sufficient enough to keep the radiolytic oxygen to low level of 
less than 5ppb. Thus, PWR condition is considered as a reducing environment [27].  The 
SCC susceptibility of ASS in PWR environment is low in the absence of some specific 
impurities. This is because the electrochemical potential of ASS in the hydrogenated PWR 
condition appears well below the critical potential required for initiation of SCC [5]. The 
following are the effects of the environmental variables on SCC susceptibility of austenitic 
stainless steels in high temperature environments.  
 
2.2.2.4 Water Chemistry 
The pressurised water reactor primary cooling water is considered to be hydrogenated in 
nature, but under the operating condition, may still contain a small amount of dissolved 
oxygen, chloride, fluoride in addition to Lithium (as LiOH) and Boron (as H3BO3). The 
corrosiveness of the coolant is determined by the level of these impurities in the flow 
stream [28]. The following are the effects of the PWR coolant impurity elements on the 
SCC susceptibility of stainless steels. 
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i. Dissolved Oxygen 
The radiolytic reaction in the reactor core is the primary source of the Dissolved Oxygen 
(DO) in the primary cooling water [17]. The US Nuclear Regulatory Commission (NRC) 
Standard stipulates that the dissolved oxygen content in the primary cooling water should 
be kept below 100ppb. The higher concentration of hydrogen gas in the PWR environment 
helps to maintain the level of DO concentration at less than 5ppb in the coolant during 
steady state operation. The concentration of DO at less than 5ppb is not considered a threat 
to SCC [28]. 
 
Figure 2.14 shows the effect of DO on the Crack Growth Rate (CGR) of sensitized 
stainless steels at 288°C in water containing 1,200ppm B as H3BO3 and 2.2ppm Li as 
LiOH. Addition of 200ppb O2 at 2,426 hour caused significant increase in corrosion 
potential and the CGR [17].  
 
 
Figure 2.14: Effect of Oxygen on the CGR of sensitized Stainless Steels at 288oC [17] 
 
ii. Dissolved Hydrogen 
Pressurised water reactors operate at sufficiently high concentration of hydrogen of about 
30cc/Kg (1.7atm or 2680ppb) [17]. The PWR primary water specification for hydrogen 
concentration is usually within the range of 25-35 ccH2/kgH2O at Standard Temperature 
and Pressure (STP) [5]. Hydrogen gas is used as scavenger for suppressing the oxidising 
species of water radiolysis [45]. Test by CERT on the effect of dissolved H levels (at 1, 30 
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and 100 ccH2/kgH2O.STP) on Type 304L with prior cold work by shot peening, in primary 
water at 320°C was carried out by Raquet et al.[5]. The results of the test are shown (as red 
data points) in Figure 2.15. 
 
Stress corrosion cracking was reported at all the 3 levels. There was no increase in crack 
growth rate (maximum crack depth on the fracture surface divided by time to failure) at 
higher level of H (100 ccH2/kgH2O.STP) and the average crack growth rate observed at 
low level of H (1 ccH2/kgH2O.STP) was significantly low. This is consistent with the result 
shown in Figure 2.14 where injection of 95ppb H2 at 2,518 hour caused reduction in 
corrosion potential and CGR [17].  
 
 
Figure 2.15: Plots of Crack Growth Rate against Dissolved Hydrogen Level [5] 
 
iii. Chloride  
Chloride may also be present as contaminant in the PWR primary water and needs to be 
kept low. The specification for PWR primary water chemistry requires chloride and 
fluoride level be kept below 150ppb. The presence of chloride and dissolved oxygen 
increase susceptibility of ASS to SCC and the level of chloride required for the 
development of SCC decreases with increasing level of dissolved oxygen [28]. 
 
iv. Sulphide 
Sulphide is rarely present in reactor primary cooling water but there may be contamination 
from molybdenum disulphide (MoS2) which is often used as a high temperature thread 
lubricant. Steam as a result of leakage through the primary loop pump gasket can react 
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with the lubricant to generate sulphide build and sulphide stress corrosion cracking in the 
bolts adjacent to the gasket. Other areas where this type of corrosion may occur include SG 
manway studs and fasteners, turbine disk and keyway [27]. MoS2 can also react with 
borated water to produce hydrogen sulphide (H2S) which can cause Sulphide Stress 
Corrosion (SSC) and TGSCC [28]. 
 
v. Boric acid 
Boron exists in the form of H3BO3 in the primary cooling water. It is used to control 
reactivity in PWR because of its neutron absorption properties. Reactor internal component 
submerged in the continuously flowing coolant may be resistant to boric acid corrosion 
attack [28], but steam produced from primary water leakage through the pump gasket 
could cause sludge build up consisting of dissolve H3BO3 and LiOH. Sludge build up is a 
potential corrosive environment that could accelerate the rate of SCC of bolts materials 
[27]. 
 
Addition of B and Li, in the form of H3BO3 and LiOH respectively, may also be used as a 
tool for controlling the pH of the coolant. The use of 2ppm Li and 1000ppm B [4] to 
achieve pH of about 6.9 is not uncommon. However, report [17] suggests the use of B/Li 
and sometimes ammonia as a buffer (prevents pH change due small increase in acid or 
base) solutions have only little effect on the CGR and that they offer no buffering at all 
when oxidants are indeed present in the water. This is evident from Figure 2.14 where a 
change from deaerated water with low corrosion potential at 2638 hour, to pure water 
results in little change in potential.  
 
2.2.2.5 Temperature Gradients 
Temperature gradients occur primarily as a result of heat transfer in the SG [17] whose 
internal structures may be supported by ASS Type 347. The primary coolant flows through 
the Recirculating Steam Generator (RSG) U-tubes under an intense pressure with an entry 
temperature of about 310-325°C and leaves at about 255-290°C. The temperature 
difference across the tube walls at the primary inlet and the difference between the primary 
and secondary loop at the outlet is about 35-50°C and 10-15°C respectively. Whilst in the 
case of the Once-Through Steam Generator (OTSG), the primary coolant flows in from the 
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top and exits at the bottom in the temperature range of 315-325°C and 290-295°C 
respectively. The temperature difference is however similar to the cold leg of RSG [27].  
 
The influence of temperature on the CGR is that of a thermal activation process in line 
with the Arrhenius factor in Equation 2.5. The activation energy due to temperature 
difference of about 30°C may increase the time to the onset of cracking by up to 4-5 times 
[27]. From the report of Tice et al. [4], Figure 2.16 shows the effect of temperature on the 
CGR of ASS with stress intensity factor and yield strength normalised to 30MPa√m and 
800MPa respectively. The plot of CGR against the reciprocal temperature suggests that the 
CGR increases with the temperature in line with the activation energy of approximately 
65kJ/mol between 288 and 340°C.    
 
RT
E A
AeK
−
=
……………………………………………………………… Equation 2.5 
 
Where K is the reaction rate, EA is the activation energy (J/mol), R is the gas constant 
(8.314J/mol·K), T is the absolute temperature (K) and A is the frequency factor. 
 
 
Figure 2.16: Summary of CGR in Hydrogenated Water Vs Reciprocal Temperature [4] 
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The increase in CGR with temperature can be explained in term of oxygen solubility and 
the conductivity of the solution at the elevated temperature. In an environment open to the 
atmosphere, the concentration of oxygen decreases as the temperature increases. Hence, 
the corrosion rate of iron increases with temperature from 40 to 80°C before declining. 
Whilst in a closed environment, the corrosion rate continues to increase until 160°C. The 
reason for higher corrosion rate in the later is because boiling does not occur. The oxygen 
concentration is maintained as a result of simultaneous increase in vapour pressure with 
temperature. In addition, it is also suggested that the ionisation constant of the water may 
increase with temperature. This means pure water with pH of 7 at low temperature might 
have its pH shifted to low (acidic) value at a higher temperature. And eventually, rise in 
corrosion rate [27].  
 
2.2.2.6 Electrochemical Potential 
The potential gradient is sensitive to the composition of the water chemistry, particularly 
the presence of dissolved oxygen and other additives [46]. Increase in the level of 
dissolved oxygen increases the oxidising condition and the corrosion potential of the 
coolant (see Figure 2.14).  
 
 
Figure 2.17: SCC Growth Rate Vs Corrosion Potential for ASS Tested in High Purity Water at 
288°C [17] 
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Figure 2.17 shows the graphs of the SCC crack growth rate against the corrosion potentials 
for sensitised ASS Type 304 tested in high temperature environment at different 
conductivities (0.06, 0.1, 0.25, 0.5 µS/cm). From Figure 2.17, the crack growth rate 
increases with corrosion potential and electrical conductivity of the coolant. 
 
2.2.2.7 Effect of pH 
The main focus of primary chemistry programs in the recent years has been control of pH. 
The current recommendation suggests that pH level should be above 6.9 up to maximum 
level of 7.4, and that lithium concentration should not be allowed to exceed 2.2ppm for 
long periods to achieve pH > 6.9 due to fuel corrosion concerns. For stainless steels and 
Alloy 600, the corrosion product release rates reduce as the pH increases from 6.9 to 7.4 
but the release rate becomes less dependent on pH as the pH approaches 7.4. One of the 
possibilities of maintaining a higher pH level without increasing lithium concentration 
involves using boric acid enriched in B-10. The main set back of this control is the 
economic implication of the enrichment cost [47]. 
 
Other pH control measures that have been used include Molar Ratio Control (MRC) and 
combine use of hydrazine (N2H4) with amine such as morpholine (C4H9NO). Molar ratio 
control regulates the local pH by controlling the ratio of anions to cations in the PWR bulk 
water. Over 80% of US plant use different types of amine for pH control. Organic amines 
are often used in secondary water to reduce iron transport to SG and sludge build-up [47]. 
Other pH control measure used includes phosphate (Na3PO3) because of its capacity to 
buffer against slight acidic or basic upsurge. The only plight of Na3PO3 is that its salt can 
accumulate and concentrate into sludge [27].   
 
2.2.3 Stress  
The applied stress provides the mechanical driving force for cracking and represents one of 
the prerequisites for stress corrosion cracking. Stresses can be tensile, compressive or shear 
if the load causes the material to undergo extension, contraction or angular displacement in 
the direction of the load respectively (see Figure 2.18A) [13]. The three basic modes of 
crack deformation in fracture mechanics are schematically illustrated in Figure 2.18B.  
 
  
 
59 
   
Figure 2.18: Different Type of Stresses (A) [13] and the Loading Modes (B) [49] 
 
Mode I is the crack opening or tensile mode, where tensile stress causes the crack surfaces 
to move directly apart in a direction perpendicular to the crack plane (z direction). Mode II 
is the edge sliding or in-plane shear mode where the crack surfaces slide over one another 
in the direction perpendicular to the crack tip (y direction). Mode III is the screw sliding or 
out-of-plane shear mode where the crack surfaces move relative to one another in the 
direction parallel to the crack tip. In practice, the component may be subjected to a 
complex loading mode that involves shear components. However, most SCC data are 
obtained by using specimen loaded in a tensile mode where stress is perpendicular to the 
plane of the advancing crack [27]. 
 
The stress intensity factor, K is a measure of the degree to which external stress is 
amplified at the crack tip. In fracture mechanics, K is used to predict the stress state at the 
tip of a crack caused by a remote load or residual stress. It is related to the uniform stress 
and the crack length according to Equation 2.6 [13].  
 
aYK .piσ= …………………………………………………………………….. Equation 2.6 
 
Where σ is uniform tensile stress, a is crack length and Y is a dimensionless parameter that 
depends on the geometry (component and crack) and the loading mode. 
 
B A 
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Defects including notches, holes, fillets, microvoids, weld and corrosion pits which are 
often present in the materials can act as stress raisers that will allow the threshold stress to 
be exceeded locally even though, the nominal stress is well below the threshold value.  In 
addition, SCC is identified as a subcritical and time dependent failure in which CGR can 
be determined using fracture mechanics. The correlation between the CGR, da/dt and stress 
intensity factor, K for a static (constant) loading of Mode I specimen is shown in Figure 
2.19. 
 
 
Figure 2.19: The Average Crack Growth Rate (CGR) Vs Stress Intensity Factor under 
Constant Loading (A) [49] 
 
In Stage I, the threshold intensity, KISCC represents the stress intensity factor, K for SCC, 
below which crack propagation is not expected to occur. Alternatively, the crack may 
propagate at such a low rate that failure will not occur in realistic time [8,48]. This is partly 
due to the higher rate of passive film formation than the rupture rate at lower stress 
intensity (insufficient plastic strain) on the crack tip. Once the stress intensity factor, K 
exceeds KISCC, the CGR becomes very sensitive to K. It has been suggested that, the CGR 
in stage I is controlled by plastic deformation which repeatedly ruptures the passive film on 
the crack tip faster than the rate of repassivation at high stress intensity [27].  
 
In Stage II (see Figure 2.19), the CGR is independent of the stress intensity factor. The rate 
of crack propagation in stage II is the slowest. It is controlled by chemical factors including 
mass transport of ions in the electrolyte, temperature, potential and the pH. The Stage III 
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corresponds to the final fracture when the stress intensity factor reaches the fracture 
toughness of the material (Kcrit). The crack growth in stage III is by a purely mechanical 
process [46, 49], generally by microvoid coalescence in ductile materials [8].   
 
From an engineering point of view, stress may be classified broadly into three categories 
namely: primary stress, secondary stress and fabrication stress. Some examples of the 
primary stresses in PWR plant include hoop stress due to static pressure; hydrodynamic 
stress and externally applied stresses including stresses in the bolts. Thermal stress is a 
typical example of secondary stress. Fabrication stresses may include stresses introduced 
during fit-up and assembly in the shop, stresses introduced by machining, welding and 
forming operations and cold working processes [49].  
 
2.2.3.1 Primary Stresses 
Hoop stress due to static pressure is an example of primary stress in a PWR.  A pressurised 
Water Reactor is operated at a nominal pressure of about 15.5 MPa. The pressure in the 
primary coolant loop is intentionally raised to prevent the water from boiling despite the 
high temperature of about 316°C. 
 
Other examples of primary stresses in the PWR include mechanical loads and 
hydrodynamic forces during the normal operation of the reactor. Mechanical loads may be 
generated from preloads in the bolt and hydrodynamic forces could occur as a result of 
circulating coolant round the primary and secondary loops. Tensile stress in the bolt 
coupled with the notch sensitivity of the bolt threads are greater concerns with respect to 
SCC. The coolant flow rate ranges from 250-380 litre/second. The turbulence and 
oscillatory hydrodynamic forces of the coolant at the above flow rate may generate 
vibration and fatigue crack initiation [28]. 
 
2.2.3.2 Secondary Stresses 
Thermal stress is a classic example of secondary stress. Temperature differentials 
especially in the SG pipes are the key sources of thermal stresses. Materials with different 
coefficients of thermal expansivity operating at temperatures above 260°C can lead to 
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generation of thermal stress. Secondary stresses may also develop due to exposure of 
material to fast neutron flux and gamma radiation heat [28]. 
 
2.2.3.3 Residual stresses 
Residual stresses are often referred to as the internal or lock up stresses which may develop 
during fabrication or even from the secondary stresses mentioned above. Residual stresses 
occur as a result of non uniform strain field and local misfits caused by one or more of the 
following processes namely: plastic flow, volume change and thermal dilation. Material 
properties that determine the magnitude of residual stresses includes: yield strength, 
thermal expansivity and heat capacity [50].   
 
Residual stresses are classified into 3 types namely: Type I (macrostress) is caused by 
misfits of similar dimensions to the object. They occur on a macro scale and are commonly 
related to the fabrication process. Type I stresses are equilibrated over the entire object.  
Type II (long range microstress) is caused by misfits of grain scale dimensions. They are 
intergranular in nature and are typically balanced over different grains or phases. Type III 
(short range microstress) is generated by misfits smaller than the grain size. These stresses 
are intragranular in nature and equilibrated over few interatomic distances. They are 
usually related to dislocation, point defects or vacancies and radioactivity [51].  
 
Some of the manufacturing processes that may generate residual stresses include: 
quenching, welding, casting, and cold working (including bending, shot-peening).  The 
effect of residual stress can be mitigated by careful stress relief annealing without allowing 
sensitization and recrystallization of cold worked structures to occur. Introduction of 
compressive residual stress to the surface by shot-peening may be considered an option to 
minimise the effect of tensile residual stress [8].   
 
2.3 Mechanisms of Stress Corrosion Cracking 
The failure of material by SCC begins with crack initiation usually at pre-existing or 
corrosion induced surface features.  These features may include a corrosion pit, grooves, 
laps, an area of stress concentration and material discontinuities. There are few well 
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developed models of SCC initiation due to several complicating factors. The experimental 
measurement of crack initiation and the ability to determine the point at which a pit 
actually becomes a crack is one of the limiting factors. The conditions that create a pit or 
localised corrosion are not necessarily the same as those needed to sustain the crack 
propagation [27]. Most of the SCC studies and the well developed mechanisms have been 
focused on crack propagation. There are different types of SCC propagation mechanisms 
but there is no consensus as to which of the mechanisms is most justifiable. However, the 
slip oxidation or the film rupture model and the internal oxidation models have gained 
wide range agreement.  
 
2.3.1 Slip Oxidation (Film Rupture) Model 
The Slip Oxidation (SO) model relates the process of crack propagation to the amount of 
metal dissolution that occurs on the bare metal surface when the protective oxide film is 
mechanically ruptured [52]. Figure 2.20 shows schematic illustrations of slip oxidation 
model where crack propagates by periodic crack tip rupture and repassivation.  
 
 
Figure 2.20: Representation of Crack Propagation by Slip Oxidation Model [27] 
 
The key stages of crack propagation according to slip oxidation model include:  
i. The exposure of the material to corrosive environment and the formation of a 
passive film;  
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ii. The crack advances by mechanical rupture of the oxide film under an increasing 
strain at the crack tip. The film rupture is followed by anodic dissolution of the 
substrate exposed to the corrosive environment;  
iii. The crack arrest through the formation of a new passive film (repassivation) on the 
bare metal substrate [27, 52].  
The crack arrest markings shown in the Figure 2.20 suggest that the crack propagation 
occurs intermittently and is frequently interrupted at the slip planes. The slip oxidation 
model is widely accepted as a viable mechanism of intergranular SCC [27]. 
 
The crack growth rate is a function of the rate of metal dissolution at the crack tip. The 
predictive equation for the evaluation of average crack growth rate, a&  in line with slip 
dissolution model  [52,53] is shown in Equation 2.7.  
 
   
rt
q
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M
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ρ
=& ………………………………………….…………………………..… Equation 2.7 
 
Where M is the atomic weight and ρ is the density of crack tip material. F is the Faraday 
constant and z is the number of the electrons involved in the oxidation of the metal atom. tr 
is the period of oxide rupture. q is the corrosion charge density per the oxide rupture, 
determined from a current-density decay curve, where the metal dissolution rate on a bare 
metal is initially maintained for a time and followed by decrease in current density as a 
result of repassivation. The repassivation transient current, it over a period of time, t is 
given in terms of the power law in Equation 2.8.  
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Where io and to are the current density of a bare surface and time at the beginning of 
repassivation respectively. m is the current decay (decrease in current density with 
repassivation) constant. The oxide film rupture time, t is given as the ratio of crack tip 
strain rate to the oxide film fracture strain. The crack tip strain rate is an engineering 
parameter which reflects the stress factor on the crack growth rate. Since the CGR occurs 
intermittently, the average CGR can be obtained from Equations 2.7 and 2.8 as shown in 
Equation 2.9. 
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Where tipε&  and εf are crack tip strain rate and oxide film fracture strain respectively. The 
crack tip strain rate is not a measurable parameter largely because of localisation of the 
strain at the crack tip [52]. However, mechanical-based strain rate has been derived [54] 
from the time derivative of the plastic stain distribution ahead of the growing crack in work 
hardening materials (Equation 2.10). Equation 2.10 was derived base on the assumption 
that, a crack propagates steadily under quasi-static constant loading. 
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σy and E are the yield strength and elastic modulus of a material respectively.  r is the 
distance from the crack tip, Rp is the size of the plastic zone and Rp = (KI/σy)2, KI is stress 
intensity factor, n is the strain-hardening exponent in the Ramberg-Osgood power law. The 
crack-tip strain rate, tipε& obtained from the time derivative of Equation 2.10 is given  by 
Equation 2.11.  
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The λ and β are dimensionless constants. Considering that the rate of change of the applied 
load is zero for a constant load, and given that the stress intensity factor, KI = cP(t)f(a), 
where c is a constant, P(t) is the applied load and f(a) is a geometry function depending on 
the specimen type, the term II KK&  in Equation 2.11 can be further simplified to Equation 
2.12 
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Substituting Equations 2.11 and 2.12 into Equation 2.9 and considering that the inverse of 
the characteristic distance, 1/ro is greater than the term )()( afaf ∂∂  in Equation 2.12, the 
crack growth rate on the basis of slip oxidation mechanism is now given by Equation 2.13. 
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The slip oxidation model has been used widely to explain SCC mechanism in an 
oxygenated aqueous condition. It has been successfully used for the prediction of CGR in 
ASS and low alloy steels in BWR system [52].   
 
2.3.2 Internal Oxidation Model 
The Internal oxidation (IO) model is based on the diffusion of oxygen into the metal lattice 
and thereby causing oxidation of the less noble metal alloys in the material, whilst the 
more noble atoms remain intact and relatively stable [52].  The formation of brittle oxide 
zones in the material enhances the susceptibility to SCC under the influence of stress.    
 
 
Figure 2.21: Schematic Structure of Oxide Layer and Base Metal damage on Type 304 
Stainless Steel Exposed to PWR Primary Water [56]. 
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The analysis of the structure of oxide layers on ASS exposed to primary water by Tapping 
et al. [55] is described in Figure 2.21 using the schematic illustration by Combrade et al. 
[56]. The structure of the oxide formed on polished surface of Type 304 exposed to the 
lithiated water with pH of about 10, at temperature of 300°C comprises of 2 layers namely: 
an Fe-rich spinel of the type NiFe2O4 in the outer layer and an inner layer which comprises 
of Fe and Cr-rich mixed oxide of the form (Fe,Cr)2O3. Based on stoichiometric oxidation 
of Fe, Cr and Ni to Fe2O3, Cr2O3 and NiO respectively, exposure beyond 24-48hour shows 
a sharp increase in Cr content, approximately 60nm below the outer surface. However, 
after exposure between 24-168 hours, the Fe content in the outer oxide layer shows slight 
decrease from about 35-30%, whilst Cr and Ni remain relatively stable at about 5-10%.  
 
In contrast to the outer layer, a marked decrease in Fe content (about 25-15%) and Cr 
enrichment (about 15% relative to Fe) were observed in the innermost layer, whilst the Ni 
content remains stable. One of the suggestions for the inner layer Cr enrichment is 
probably due to the lower solubility of Cr oxide [55].  However, the base metal suffers two 
forms of damage that involve accelerated mass transport caused by vacancy injection from 
the metal-oxide interface. These include: intergranular penetration of oxygen and selective 
oxidation of Chromium [56]. 
 
 
Figure 2.22: EDS Profile on a thin Foil of Ni-Based Alloy 600 Oxidised for 300h at 360C in 
Simulated Primary Water (1200ppmB, 2ppmLi) at H2 Partial Pressure of 30kPa [56]. 
 
A common finding explained by the internal oxidation mechanism was the presence of 
intergranular oxide at the triple boundaries (see Figure 2.22) and the depletion of Cr from 
the region adjacent to the grain boundaries below oxide layer. The Energy Dispersive x-ray 
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Spectroscopy (EDS) profiles in Figure 2.22 showed the presence of Cr and O2 in 
significant amount. Whilst, the low level of Ni and complete absence of C supports the 
presence of Cr-rich oxide at the triple grain boundary under the surface oxide layer [56]. 
 
Under the conditions of SCC, the stress effect may cause the brittle oxides to rupture and 
eventually allow crack propagation to occur along the ruptured path. Internal oxidation is 
thermodynamically feasible at high temperature and low partial pressure of oxygen with 
transgranular crack morphology. However, some have suggested the possibility of IO at 
low temperature over a long period of time with characteristic features of intergranular 
cracking [52, 57].   
 
If the oxygen diffusion is considered to be a rate determining step, then the cracking 
kinetics are dependent on the rate of diffusion of oxygen. The derivation of CGR on the 
basis of direct embrittlement by grain boundaries oxidation was reported by Kwon et al. 
[52]. In their report, the grain boundary diffusion coefficient, Do at temperature, T was 
expressed according to Equation 2.14, whilst the depth of oxygen penetration, x at time, t 
was given according to Equation 2.15. 
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tDx O .2=  …………………………………………………………..………... Equation 2.15 
 
At time, tf, diffusion of oxygen occurs along the grain boundary and the crack propagates 
incrementally over a distance, xf. The crack growth rate, a&  due to internal oxidation is 
given in Equation 2.16.  Where time, tf is the ratio of fracture strain of the metal oxide to 
the crack tip strain rate.   
 
f
f
t
x
a =& ……………………………………………………………………….. Equation 2.16 
 
Internal oxidation is widely considered the main mechanism for the SCC of Ni-based 
Alloy 600 and 690 (nominal compositions Ni-15%Cr-9%Fe and Ni-29%Cr-9%Fe 
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respectively) exposed to low partial pressure of oxygen, in which the less noble alloys 
namely C, Cr and Fe are oxidised while Ni remains stable [57]. 
 
 
2.4 Cold Working  
The application of load on a material causes a change in shape which could be a temporary 
or permanent change. If the applied loads are small (below the yield strength), the material 
returns back to its original shape after complete removal of the loads. This type of 
behaviour is referred to as elastic deformation. However, the material may not return back 
to its original shape after complete removal of the loads, if the material was originally 
stressed beyond its yield strength. This type of behaviour is referred to as plastic 
deformation [58]. Plastic deformation leads to an increase in the number of dislocations 
(two dimensional or line defects in the material responsible for slip by which metals 
deform plastically). The interaction of dislocations with other dislocations and with other 
barriers (including solute atoms, precipitates, boundaries) to their motion through the 
lattice leads to strain hardening. 
 
Cold work refers to plastic deformation of material at a temperature and over a time 
interval such that strain hardening is not relieved. The cold work must be done at the 
temperature below 30% of the homologous melting temperature to ensure stress relief does 
not occur [37, 58]. Cold working is generally performed to improve the surface finish of 
the material during manufacturing or after fabrication processes [11]. However cold rolling 
may be carried out for the purpose of greater dimensional accuracy or through thickness 
reduction. Austenitic stainless steel can be cold worked to achieve a higher strength 
because of its strain hardenability [59]. 
 
The nature of cold deformation substructures depends on a number of factors including 
material composition, the amount of strain, strain rate and deformation temperature. The 
characteristic structure of the CW material is a cellular substructure delineated by high 
density dislocation tangle. The development of a dislocation cell will be low, at low 
temperature, higher strain rate and in material with low stacking fault energies. Some of 
the energy expended on deformation during CW is stored in the lattice as internal energy, 
whilst the rest is converted into heat. The internal stored energy increases with cold work 
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(strain) and decreases with temperature [37]. Higher stored energy increases the chemical 
reactivity of CW material. The free energy of the cold worked material is increased by 
approximately the amount represented by the stored energy. Hence, a heavily cold worked 
surface is relatively anodic compare with less heavily deformed neighbours [58]. The 
recrystallization temperature and the time it takes are strongly dependent on the amount of 
previous cold work.  
 
Among other characteristic features of material with high dislocation density relative to the 
annealed structure include: development of residual stresses due to inhomogeneous 
deformation and strain gradient; small increase in coefficient of thermal expansivity; 
increase in electrical resistivity (decrease in conductivity) partly because the flow of 
electrons are hindered by distorted lattices [60]; grain elongation and re-orientation of the 
grains into a preferred orientation (texture) and possibly, shear deformation of austenite to 
strain induced martensite [58].  Some of the cold work methods applicable to ASS under 
review include cold rolling, low cycle fatigue, extrusion, shot-peening and bending. 
 
2.4.1 Cold Rolling 
Engineering materials including steels are cast into ingots and later hot rolled into blooms, 
slabs and billets. The subsequently rolled products from the above include: plate, sheet, 
tube, rod, bar and structural shapes. The schematic illustrations of the rolling sequence are 
shown in Figure 2.23. The exact definition of the above structural terms varies with the 
manufacturers. However, the approximate cross-sectional area of the bloom is greater than 
205cm2, while the cross-sectional area of slab is about half of the bloom, with section 
width-to-thickness ratio of about 2. The minimum cross-section of the billet is about 3.8 x 
3.8cm. Plates are generally thicker than the 0.64cm and sheets are thinner with very large 
width-to-thickness ratios [61]. 
 
The rolling processes can be carried out hot, warm or cold. The rolling of the bloom, slab, 
billets, plates and structural shapes is usually carried out at elevated temperature (above the 
recrystallization temperature) where large reduction in height and thickness are possible 
with moderate pressures. This is referred as hot working [61].  
 
 
  
 
71 
 
 
Figure 2.23: Rolling Sequence for Fabrication of Cold Worked Products [61] 
 
Cold rolling is quite useful for production of sheet and strip with superior surface finish 
and dimensional tolerances compare with hot rolling. The strength of material is 
significantly improved as a direct result of strain hardening during cold reduction in line 
with dislocation theory. The total reduction that can be achieved by cold rolling varies 
from about 50-90 percent [37]. These make cold rolling quite convenient for laboratory 
studies. 
 
2.4.2 Low Cycle Fatigue 
Low Cycle Fatigue (LCF) is one of the cold working methods used in the laboratory test 
condition or that the material may be subjected to during the service life. Low cycle fatigue 
is associated with higher loads and stress values that produce both elastic and plastic strain 
during each cycle [37]. Strain controlled cyclic loading occurs more often in thermal 
cycling conditions where components are subjected to repeated expansion and contraction 
as a result of rise and fall of temperature respectively (such as in PWR steam generator). 
Low cycle fatigue may also occur in a material subjected to reversal bending between fixed 
displacements or during uniaxial extension and compression by push-pull. The degree of 
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plastic deformation during low cycle fatigue is often calibrated by comparing the measured 
yield strength in the fatigue sample with cold rolled materials [16].   
 
 
Figure 2.24: Low Cycle Fatigue Curve (Log Scale) for ASS, Type 347[37] 
 
The low cycle fatigue data is usually presented by plotting the plastic strain range, ∆εp 
against cycle to failure, N on a log scales (see Figure 2.24) in line with the Coffin-Manson 
relation in Equation 2.17. Failure can often occur at low number of cycles less than about 
104-105 [13].   
 
c
f
p N )2(
2
ε
ε
′=
∆
………………………………………………………………. Equation 2.17 
 
Where ∆εp/2 is the plastic strain amplitude, fε ′ is the fatigue ductility coefficient defined by 
the strain intercept at 2N = 1. fε ′  is approximately equal to the true fracture strain, εf for 
many metals. 2N is the number of strain reversals to failure (one cycle is two reversals). c 
is the fatigue ductility exponent, which varies between -0.5 and -0.7 for many metals [37].   
 
Fatigue failure can be reduced through surface modification including the introduction of 
surface residual stress, either by surface rolling with contour rollers or by shot peening 
[37]. A brief review of shot peening as a cold work method follows.   
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2.4.3 Shot Peening 
Shot peening is a surface modification method. Shot peening involves projection of fine 
shots which could be made of steels, cast-iron or glass, against the surface of the material 
at high velocity [37].  The major application of shot peening is to increase the fatigue life 
of metal parts by producing a uniform compressive stress in the surface layers. It has also 
been suggested that shot peening enhances the SCC resistance of the welded joints through 
the conversion of tensile residual stress to compressive residual stress on the surface of the 
material[62]. Shot peening may also be used as a metal forming process and its application 
ranges from small to large complicated and irregular shaped parts [61]. The principal 
variables in the shot peening process include: the velocity; size; shape and hardness of the 
shot [37].  
 
Some of the machines used for shot peening are shown in Figure 2.25 and these include: 
Air Blast Shot Peening (ABSP), Impeller Shot Peening (IPSP) and Ultra-Sonic Shot 
Peening (USSP) apparatus where shots are fired with the aid of compressed air, centrifugal 
force and vibration of electronic transducer respectively[63]. 
 
 
 
Figure 2.25: Schematic Illustration of Shot Peening Equipments [63] 
 
The impact energy of the shot causes plastic deformation of the surface layer in tension, 
while the inner layer with less impact undergoes elastic deformation which reduces with 
depth. At the end of the deformation process, the elastically deformed layer is restrained 
from complete elastic recovery to its original condition by the plastically deformed 
neighbour. Consequently, the external layer will be left with compressive residual stress 
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equilibrated by tensile residual stress in the inner layer [37] as shown by the black line 
graph in Figure 2.26. This is beneficial and exploited in the prevention of crack 
propagation near to surfaces.  
 
 
Figure 2.26: Residual Stress-Depth Profile of ASS Type 304 Shot Peened with 0.6 mm Steel 
Shots at 210-220 m/s [62] 
 
2.4.4 Bending 
Bending is a forming process through which a straight length is transformed into a curved 
length. Bending is employed in the forming of sheets and plates into drums, tanks and 
seam pipes. It is characterised with strain localisation and non uniform strain distribution 
which usually occur when bending is done around a small radius. The use of lubrication is 
not recommended when bending over a sharp radius. Lubricant can reduce the die friction 
which is much needed to prevent strain localisation by restricting metal movement away 
from the radius. The integrity of the sample subjected to bending may be affected by the 
presence of inclusions which may be aligned elongated along the flow direction, thus 
producing lines of weakness. Splitting of the material can occur if the axis of the bending 
lies along the axis of weakness [37]. 
 
σ 
Z 
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Figure 2.27: Beam Subject to Elastic and Plastic Bending [61] 
 
In plastic bending, the neutral axis at the mid thickness, moves closer to the inside surface 
of the bend as the deformation continues. Hence, the plastic strain is proportional to the 
distance from the neutral axis. The fibre on the outer surface is plastically strained in 
tension, while the inner surface is strained in compression (Figure 2.27). Upon removal of 
the load, tensile residual stresses remain in the fibres on the inner surface, while the outer 
surface fibre is left with compressive residual stresses. The plastic deformation in the beam 
increases with decreases in radius of curvature of the bend specimen [61].  One of the areas 
of application of bending process is the manufacture of U-bend samples which is often 
used for quick assessment of SCC susceptibility of materials.  
 
2.5 Effects of Cold Working on SCC Susceptibility 
Cold work is known to increase the stress corrosion crack growth rate and the crack growth 
rate can be affected by a number of factors which include the microstructure, mechanical 
properties, strain path and Bauschinger effect, stacking fault, texture and electrochemical 
properties.    
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2.5.1 Microstructure 
2.5.1.1 Martensite 
Cold work causes shear transformation of austenite to strain induced martensite [35]. It 
was reviewed earlier in section 2.2.1.2(III), that nucleation of strain induced martensite 
occurs on the intersection of shear bands and stacking faults inline with the transformation 
sequence: γ → ε → α'. This observation is consistent with the results of the Spencer et al. 
[39] shown in Figure 2.28.  
 
 
Figure 2.28: Dark field Image Showing α'-martensite Embryo at Intersection of ε–martensite 
[39]  
 
The assessment of the role of martensite in an austenite matrix was carried out by Spencer 
et al. [39] with neutron diffraction during the in-situ loading of 316L containing 30% 
martensite. From their results, it was suggested that martensite (211)ά acted as 
reinforcement to the austenite (311)γ as it sustained higher load than the austenite. The 
martensite has relatively higher strength than austenite and this is mostly attributed to the 
supersaturation of martensite with carbon. Martensite contains fine scale substructure 
which contains high dislocation density or internal twins [35].  
 
The increased SCC susceptibility due to the presence of martensite may be related to its 
higher yield strength. The localised heterogeneous deformation between the hard 
martensite and relatively soft austenite may also lead to the generation of internal stresses. 
Tensile residual stress and higher yield strength in the martensite are favourable conditions 
which may explain why martensite is often attributed to increased SCC susceptibility.   
 
ε-martensite 
α'-martensite 
embryo 
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2.5.1.2 Carbide Precipitation 
Cold work can also accelerate the precipitation of carbides (M23C6) in the sensitised grades 
by shifting the Time-Temperature-Sensitisation (TTS) curve to shorter time and lower 
temperature as shown in Figure 2.29 [8]. In ASS Type 304, cold work increases 
sensitisation at lower temperature (about 400°C) and decreases sensitisation at higher 
temperature (about 600°C). The reason for increased sensitisation at low temperature is not 
clearly understood, but the possible reasons are attributed to the slow rate of Cr diffusion 
and higher stored energy in heavily cold worked materials. The reason for low rate of 
intergranular precipitation of M23C6 carbide at higher temperature is attributed to the 
enhanced nucleation of carbides within the deformed grains rather than on the grain 
boundaries. Hence, intragranular precipitation of carbide rather than intergranular 
precipitation of carbides occurs at high temperatures in the heavily deformed 
microstructures [8].  
 
The suggested intragranular precipitation of carbides is supported elsewhere [26] that 
precipitation of carbides could also occur on the dislocations. In addition, Kain et al.[11] 
also observed that susceptibility of ASS to sensitisation increases with cold reduction up 
till about 15-20% but later decreases beyond 20% cold work when carbides begin to 
nucleate within the grains rather than on the grain boundary. This was attributed to rising 
internal energy which increases with dislocation density. 
 
 
Figure 2.29: Time-Temperature-Sensitisation Curves for ASS Type 304 with Different Degree 
of Cold Work [8]  
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Garcia et al. [7] carried out room temperature studies of SCC susceptibility of cold worked 
and sensitised ASS at different electrochemical potentials, using the Slow Strain Rate Test 
(SSRT) in the Sodium Chloride environment acidified with Sulphuric acid. The following 
summarises some of the effects of cold work and sensitisation on the SCC susceptibility 
from their report, it was observed from their report that:  
1. Intergranular cracking was more predominant in the lower level of cold work, 
whilst the cracking mode changed to transgranular at higher level of cold work. 
2. The intergranular cracking of sensitised cold worked material was suggested to 
have occurred due to intergranular precipitation of chromium carbides and 
consequently, the depletion of chromium from the adjacent grain boundary areas. 
This enhances anodic dissolution of grain boundaries relative to the grain matrix.  
3. It was also observed that the SCC mode changed from intergranular cracking to 
transgranular cracking with increasing level of cold work and this was attributed to 
the transgranular precipitation of carbide and slip band dissolution. 
The material cold worked to 20% was suggested to represent the optimum level below 
which the grain boundaries were the most active leading to predominantly IGSCC. And 
beyond 20% cold work, the slip band and dislocation line were found to be more active 
while TGSCC mode becomes more dominant. 
 
2.5.2 Mechanical properties 
Mechanical properties of materials are affected by cold work as shown in Figure 2.30A. 
The yield strength, the tensile strength and hardness value of material increase with degree 
of cold work, while the percentage elongation (ductility) decreases with increasing cold 
work. Plastic deformation produces an increase in the number of dislocations within the 
microstructure, which by virtue of their stress field interaction results in higher strain 
hardening. Strain hardening increases with cold work because of the mutual obstruction of 
dislocations gliding on intersecting systems through either of the following [37]: 
i. Interaction of the dislocation stress fields with one another 
ii. Interaction which produce sessile locks. Sessile locks are produced by reactions 
between low mobility dislocations which do not lie on the slip planes of low shear 
stress. They constitute a barrier to the motion of dislocations.  
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iii. Interpenetration of slip systems by one another which results in formation of 
dislocation jogs. Jogs are produced by intersection of dislocations moving on a 
different slip plane and in different directions. Jogs on a dislocation restrict its 
motion and thus contributes to strain hardening. 
 
   
Figure 2.30: Effect of Cold Work on Mechanical Properties of ASS Type 304 [59] (A) and 
Effect of Yield Strength on the SCC CGR in Stainless Steel and Alloy 600 at 288oC [18] (B) 
 
The strain hardening equation for cold worked material which relates the flow stress, σo to 
the dislocation density, ρ is shown in Equation 2.18 [37]. 
 
2
1
0 . ρασσ Gbi += ………………………………………………………….. Equation 2.18 
 
 
Where σi is the frictional stress which represents the overall resistance of the crystal lattice 
to the dislocation movement, α is a numerical constant, b is the burgers vector and G is the 
elastic shear modulus [37]. 
 
2.5.2.1 Effect of Yield Strength  
The yield strength of material increases with the degree of cold work [37]. The correlation 
between the time to failure and the applied stress has been studied. The time to failure 
increases with decrease in the applied stress [8]. The report of Busby and Was [18] showed 
that CGR of stainless steels in a high temperature water environment increases with yield 
strength (see Figure 2.30B). The explanation of the increase in CGR with yield strength 
according to Andresen et al. [17] was on the basis that the strain rate at the crack tip under 
a constant stress intensity factor, K results from redistribution of the strain field ahead of 
B A 
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the growing crack. In effect, the strain gradient becomes greater when the yield strength of 
the material is quite high because of the reduction in the size of the plastic zone at a given 
stress intensity factor. The crack tip is sharp in hardened material, and this makes the crack 
propagation easier than in the soft material where the crack tip is easily blunt.  
 
2.5.2.2 Effect of Hardness  
The hardness properties of the material increase with the degree of cold reduction in a 
manner similar to yield strength (see Figure 2.30A). The relationship between the Vickers 
hardness and the uniform elongation in cold worked ASS Type 316L tested in oxygenated 
high temperature water at 288°C was investigated by Tsubota et al. [64]. In their report, it 
was observed that the uniform elongation decreases linearly with increases in Vickers 
hardness as shown in Figure 2.31A. The Vickers hardness of 300HV was suggested as the 
critical hardness for SCC crack initiation below which SCC is not expected to occur. 
However, the report of Raquet et al. [5] in Figure 2.31B showed that SCC crack growth 
rate in BWR increases with hardness value up to the suggested critical limit.    
 
   
Figure 2.31: Uniform Elongation in CW 316L Vs Vickers Hardness (A) [64] and Crack Growth 
Rate Vs Initial Surface Hardness by Different CW Method Tested in BWR (black points) and 
Adapted to PWR Test Condition (red points) (B) [5] 
 
The correlation between the SCC crack growth rate and hardness value is shown in Figure 
2.31B. The intergranular fracture mode is mostly favoured by the lower hardness values 
while transgranular fracture mode predominantly occurs in the region of higher hardness 
B A 
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values. It was further suggested that transition from the intergranular fracture mode to 
transgranular fracture mode occurred at about 200HV [5].  
 
2.5.3 Strain Path and Bauschinger Effect 
The directionality of strain hardening is referred to as the Bauschinger effect [37]. It is a 
general phenomenon in polycrystalline material where materials with prior tensile 
deformation exhibit lower resistance to compression and vice versa. The relative ease of 
the subsequent deformation stress (decrease in flow stress) in such a material is often 
attributed to the internal stresses [58] and anisotropy in the resistance to dislocation motion 
[65]. 
 
A schematic illustration of the Bauschinger effect is shown in Figure 2.32. If it is assumed 
that the initial yield strength of the material during the forward deformation in tension and 
compression corresponds to the points A and B respectively. And, considering that a new 
specimen is plastically loaded in tension, it will strain past the yield stress at point A and 
strain hardens to point C along the path OAC. Upon unloading, the specimen will unload 
elastically along the path CD, if the little elastic hysteresis is neglected. Further re-straining 
in compression (reverse direction) to point F will result in new compressive yield strength 
at point E which is relatively lower than the original compressive yield strength at point B.  
 
 
Figure 2.32: Schematic Illustration of Bauschinger Effect [37] 
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The increase in the tensile yield strength by strain hardening from point A to C has brought 
about decrease in compressive yield strength from point B-E mainly because the strain 
path was reversed. This explains the concept of Bauschinger effect.  The completion of the 
loading cycle by unloading from point F and then reloading in tension to point C gives rise 
to the mechanical hysteresis loop in Figure 2.32. The Bauschinger strain, β in Figure 2.32 
is an empirical measure of the Bauschinger effect, and it represents the strain difference 
between the tension and compression curves at a given stress [37].  
 
Orowan [66] explained the Bauschinger effect as a consequence of dislocation interaction 
with strong barriers and permeable obstacles which leads to dislocation pile up and strain 
hardening. Re-straining in the forward direction requires additional stress to move the 
dislocation pass the barrier. Low resistance to the dislocation motion occurred at relatively 
lower flow stress when the loading direction is reversed because the barriers at the rear of 
the dislocation are relatively less obstructive than the obstacles ahead of the dislocations 
[65]. 
 
The study carried out by Couvant et al. [1] highlighted the effect of prestrain on the SCC 
growth rate along different loading directions. In their report, tensile specimens obtained 
from ASS Type 304L cold worked to 20% and 40% by shear were subjected to CERT in 
PWR environment at 360°C. The orientations of the specimens they used for tests are 
shown in Figure 2.33A. 
 
    
Figure 2.33: The Orientation of Tensile Specimen in Cold Worked (Shear) Sheet (A), and the 
Graphs of Crack Depth vs. Elongation for Several Strain Paths Obtained by CERTs in PWR 
condition (B) [1] 
B A 
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The strain paths during the room temperature shearing and during the subsequent tensile 
loading at 360°C were represented by 1~ε and 2~ε  respectively. The measure of change in the 
strain paths is given by the scalar parameter, β where β = ( 1~ε : 2~ε )/(| 1~ε |.| 2~ε |).  Consistent 
with the proposition of Schmitt et al. [67], the values of β close to +1, 0 and -1 represent 
the specimen orientations, φ = 45°, 90° and 135º respectively and their respective strain 
tensors are almost similar to the monotonic (forward), cross (perpendicular) and 
Bauschinger (reverse) strain path conditions respectively [1]. 
 
Figure 2.33B shows the plots of maximum crack depth obtained in the pre-sheared 
stainless steels plate (with strain of 0.2 and 0.4) against the tensile elongation during the 
CERT tests in PWR environment at 360°C and strain rate,ε& = 5×10-8s-1. Amongst the 20% 
pre-shear samples, sample reloaded along the forward strain path (β = +1) appeared to be 
the most resilient with highest elongation and lowest crack depth. While the sample 
reloaded along the reverse direction (β = -1) was considered the most susceptible with 
highest crack depth. These observations are consistent with results of the Tice et al. [16] 
shown in Figure  1.1. The shortest elongation occurred in the sample with cross strain path 
(β = 0).  The crack depth in the sample with 20% prestrain and reloaded along the 
perpendicular direction (γ = 0.2, β = 0) was almost the same as that of 40% pre-strain and 
reloaded in forward direction (γ = 0.4, β = +1) [1].  
 
The effect of loading direction during the SCC test was also reported by Raquet et al. [5]. 
They observed that an originally flat sample which was severely cold worked (prestrained) 
to V-hump shape thus having compressive strain on the underside of the V-hump, showed 
significant susceptibility to SCC in the compression region (where crack was not expected) 
following a CERT test in PWR environment. Similar observations were also reported on 
samples prestrained by fatigue compression-tension loading cycle and shot-peening (with 
compressive residual stress on the surface), followed by CERT tension test in PWR 
condition. These observations are consistent with the report of the Couvant et al. [1] 
despite the difference in their sample configurations. These results highlight the 
significance of the loading direction particularly, the reverse loading to the SCC 
susceptibility. The resistance of prestrained material to failure becomes low when the 
subsequent loading direction is reversed in line with the Bauschinger effect. 
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2.5.4 Stacking Fault 
Stacking faults are two-dimensional defects in the normal stacking sequence of atom layers 
and may occur during the growth of the crystal [35] and in most metals including ASS, 
during plastic deformation [37]. The stacking sequence of the plane of atoms in HCP and 
FCC structure are schematically illustrated in Figure 2.34. The stacking sequence in FCC 
is ABCABCABC…and the sequence in HCP is ABABAB…. The sequence comprises of 3 
layers of atoms. The first (black) and second (red) layers occupy the atom position, A and 
B respectively (Figure 2.34(I)). The third layer (green) may be stacked directly above 
position, A (Figure 2.34(II)) or it may occupy a new position at C, (Figure 2.34(III)) to 
form HCP or FCC stacking sequence respectively. Stacking faults can be generated in FCC 
structure during plastic deformation by slip according to Figure 2.34(IV). 
 
 
 
Stacking Sequence of first and second Planes 
 
  
ABABAB Stacking Sequence of HCP 
 
   
ABCABCABC Stacking Sequence of FCC 
         
FCC  HCP Transformation 
 
Figure 2.34: The Stacking Sequence of: First and Second Planes (I), HCP (II), FCC (III) and 
Transformation of FCC to HCP (IV) Lattices [68] 
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The transformation of FCC closed packed {111} plane to HCP structure occurs with 
relative ease by simple shear through a displacement of >< 211
6
a
 on every second FCC 
closed packed plane to become the hexagonal closed packed plane (Figure 2.34(IV)). The 
movement from position B1 to B2 (Figure 2.35(I)) defines one of the slip directions and has 
a vector with magnitude b1-2 = ao/2 ]110[ . The same shear displacement can be achieved 
through the sum of the path lengths B1-B3 and B3-B2 (Figure 2.35(II)). The later 
displacement is energetically favourable (because |b1-2|2 > |b1-3|2 + |b3-2|2) but it causes 
dissociation of a perfect dislocation into two partial dislocations (see Figure 2.35(II)). The 
perfect dislocation, PQ with Burgers vector, b1-2 dissociated into two partial dislocations 
QR and QT with Burger vectors b1-3 and b3-2 respectively, in line with expression: b1-2 → 
b1-3 + b3-2 and [ ] [ ] [ ]211611261102 000
aaa
+→ . The above dislocation reaction was 
suggested by Heidenreich and Shockley [69] and the dislocation arrangement is often 
referred to as Shockley partials [37]. 
 
 
 
 
 
 
 
 
       
 
 
Figure 2.35: Dissociation of Perfect Dislocation into Partial Dislocations [37] 
 
The combination of the two partials QR and QT is known as an extended dislocation and 
the region between them is a stacking fault which represents part of the crystal at the 
intermediate slip between full slip and no slip. The two partial dislocations are at 60° and 
exert repulsive force on each other but the surface tension of the stacking faults tends to act 
otherwise. Hence, the equilibrium distance between the partial dislocations is determined 
primarily by the Stacking Fault Energy (SFE). Higher SFE causes constriction of the 
stacking faults, increases the propensity towards cross slip and thus leads to the formation 
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of fine slip, while low SFE may lead to increase in the width of the stacking faults and 
often results in the formation of coarse slip [35, 37, 70].  
 
The stacking fault energy of austenitic stainless steels is considered to be generally low 
[38]. Typical SFE of ASS is shown in Table 2.3. Stacking faults have a direct effect on 
strain hardenability of the material. Metals with high SFE usually have fine slip and 
develop deformation substructure of dislocation tangles and cells as a result of higher 
dislocation density. Hence, deformation becomes increasingly more difficult [37].  
 
Table 2.3: Stacking Fault Energy of some Engineering Materials [37] 
Austenitic Stainless Steels 
Metal Brass 303 304 310 Ag Au Cu Ni Al 
SFE 
(mJm-2, ergcm-2) <10 8 20 45 ~25 ~50 ~80 ~150 ~200 
 
The difference in the SFE of stainless steels as shown in Table 2.3 suggests that SFE can 
be strongly influenced by the chemical composition. Other work indicates that addition of 
certain elements including Ni, Mn and Cu increases SFE while the presence of Cr and Si 
reduces the SFE in stainless steels. The above report is consistent with the high SFE of 
ASS Type 310 with relatively higher amount of Ni (~ 19wt %) than Type 304 and 
303(~8wt %) [109].   
 
2.5.5 Textures  
Texture refers to the preferential alignment of certain crystallographic planes with respect 
to the direction of the maximum strain [37]. Texture may develop in metal during 
manufacturing processes which includes: metal-film deposition, casting, plastic 
deformation and annealing. A summary of metal textures developed by different 
processing techniques is contained in Table 2.4.   
 
When a metal is plastically deformed, lattice rotation occurs by slip or twinning, in the 
direction of one or more stable orientations, thus establishing a deformation texture. The 
final deformation texture of a given specimen depends on a number of factors which 
include: the initial grain orientation, the change in shape imposed on the specimen and the 
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deformation temperature. The subsequent annealing of the deformed metal can cause 
recovery (rearrangement and annihilation of dislocations) and recrystallization to occur 
depending on annealing temperature [35]. 
 
Table 2.4: Summary of Metal Textures Developed by Various Processing Operations [35] 
Ideal Texture 
Processing FCC Crystal BCC Crystal 
Film Deposition <111> <110> 
Casting (fibre axis of 
columnar grains) <100> <100> 
Cold Rolling  
{110}< 121 > + spread 
around {110} to 
{110}<001> 
{100}<110> + spread around <110> 
to { 121 }<110> also { 111 }<112> 
Recrystallization after Cold 
Rolling {100}<001> 
{111}< 112 >, & {001} + {112} 
with < 101 >15° from RD 
Uniaxial Compression  <100> <111> + <110> 
Recrystallization after 
Uniaxial Compression <110> <111> 
Wire Drawing, Extrusion <111> + <100> <110> 
Recrystallization after Wire 
Drawing <111> + <100>; <112> <110> 
 
 
Figure 2.36: Schematic Representation of Texture: <100> Fibre Texture in Wire (A) and {110} 
<112> Sheet Texture (B) [35]  
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Texture following cold working may be classified as fibre texture or sheet texture. In fibre 
texture each grain is aligned in a single crystallographic direction parallel to a specimen 
direction often referred to as the fibre axis (Figure 2.36A). The grains are randomly aligned 
in the plane normal to the fibre axis. The fibre axis corresponds to the axial direction of the 
wire in wire drawing. While in rolling, it corresponds to the axis normal to the surface of a 
compressed sheet.  
 
Figure 2.36 shows the fibre and sheet textures. Sheet texture (Figure 2.36B) is commonly 
observed in the rolled sheet and may also occur in extruded and flatten wire. It is usually 
described by two parameters namely: a plane in the specimen that coincides with one of 
the symmetry planes and symmetry direction in that plane. In rolling, both the rolling plane 
and direction are often used as the reference parameters. The rolling texture {110} <112> 
means the grains have the {110} planes parallel to the rolling plane and <112> directions 
parallel to the rolling direction [35]. The two variants of the rolling texture shown in Figure 
2.36B are (110) ]121[  and (110) ]211[ . Texture may be investigated using a number of 
techniques including x-ray, neutron diffraction and electron diffraction [35, 37]. 
 
Texture introduces anisotropy (directional variation in properties) which affects physical 
and mechanical properties of the material. Some of the properties that are affected by 
directional anisotropy include Young’s Modulus, Poisson ratio, yield strength, tensile 
strength, elongation, coefficient of friction, magnetic permeability and flux density, electric 
conductivity and magnetostriction. Anisotropy can be determined if texture is known but 
not vice versa [35]. The crack growth rate in rolled or extruded metal can also be affected 
by texture, and difference in the crack growth susceptibility along the longitudinal, 
transverse and short-transverse directions have been observed in cold rolled samples 
[16,71].  
 
2.5.6 Electrochemical Properties 
Electrochemical potential exists between neighbouring grains within the material and the 
grain boundaries being the regions of higher energy are relatively more anodic compare to 
the grain matrix. On a macroscale, non uniform strain may also introduce potential 
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difference across the material. The more heavily cold worked material tends to be more 
anodic to the neighbouring less deformed regions [58].  
 
Mazza et al. [72] investigated the effect of cold work on electrochemical behaviour of ASS 
Type 304L in HCl solution and their results are shown in Figure 2.37A-C. It emerged from 
their study that, the critical current density, icr, only increased slightly with the degree of 
cold work, while the primary passivation potential, Epp did not change significantly. The 
critical pitting potential, Ec decreases with the level of cold work. The trend of the above 
result is consistent with the results of Hamada et al. [73] shown in Figure 2.37D despite the 
difference in test conditions. In contrast, the critical current density, icr was more affected 
by directional anisotropy than the level of cold work. Similarly, the primary passivation 
potential, Epp showed no obvious response to the effect of directional anisotropy (Figure 
2.38).  
 
 
Figure 2.37: Effects of Cold Work on Potentiodynamic Anodic Polarisation Curves: Cold 
Rolled ASS Type 304L Tested in 0.1M HCl Solution at 25°C(A-C) [72] and Type 301LN Tested 
in 1M NaCl + 0.1M HCl Solution [73] 
 
The longitudinal (L) surface parallel to the rolling direction has lower icr compared with 
the long-Transverse (T) and the Short-transverse (S) surfaces. The increase in anodic 
B A 
D C 
  
 
90 
current density with the degree of cold reduction as observed in Figure 2.38 suggests that 
the material is increasingly more active with cold work while the primary passive potential 
remained more or less the same [72]. The suggestion put forward for the increasing 
instability in the passive film and increase in corrosion current density with cold reduction 
was attributed to strain induced martensite. Strain induced martensite is formed from the 
shear transformation of austenite during cold working. It was suggested that, the critical 
current density required for the passivation of martensite is relatively higher and continues 
to rise with the degree of cold work [73]. 
 
 
Figure 2.38: Anisotropy Factor in the Plot of Current Density, (A), and Potential (B) against 
Degree of Deformation for different Orientations of the Cold Worked ASS Type 304L Tested 
in De-aerated 0.1M HCl Solution at 25°C[72] 
 
The subsequent chapter following the literature review in the report was the chapter three. 
Chapter three marks the beginning of the experimental tests carried out in the report and it 
specifically covers the description of the material used and experimental studies carried 
out. 
B A 
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Chapter Three 
 
3 Experimentation 
This Chapter contains a description of the material used for the experiments and the six 
key experimental studies carried out. Each of the studies includes: an introduction to the 
study, the experimental procedures used in the test, the results obtained from the tests and 
lastly a summary of the results. 
 
3.1 Material Composition and Processes 
3.1.1 Materials 
The material used in this study was low carbon grade ASS Type 304L. The chemical 
composition of the ASS as contained in the data sheet from supplier is shown in Table 3.1.  
 
Table 3.1: Chemical Composition of Austenitic Stainless Steel, Type 304L 
Chemical composition (wt%)  
C Cr Mn N Ni P S Si 
0.030 18.387 1.804 0.086 8.133 0.034 0.005 0.411 
 
3.1.2 Heat Treatment 
The material as received was initially solution annealed at 1050°C for 30 minutes and 
quenched in water. The water quenching was carried out to prevent sensitisation from 
occurring within the temperature range 500-800°C despite the material being a low carbon 
grade. The material was subsequently heat treated at 400°C and furnace cooled to remove 
any martensite which may have formed due to fast cooling. The heat treatments were 
carried out to ensure that the subsequent cold work is not influenced by the internal 
stresses due to the previous manufacturing history and to partially relieve quenching 
stresses respectively.  
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3.1.3 Cold Work Method  
Cold working can be achieved through a number of manufacturing processes. However, 
cold rolling was used in this project because it allows test samples to be manufactured 
from different orientations of the rolled plates to study the effect of directional anisotropy 
and strain paths on the properties of the materials (see Figure 3.1). Cold rolling also makes 
it easier to achieve different degrees of cold work through reduction in the sample 
thickness. The degree of cold work was determined from the expression in Equation 3.1. 
The initial dimensions of the annealed plates were 200mm × 100mm × 30mm equivalent to 
the length × width × thickness respectively. The annealed materials were cold worked by 
multipass rolling to different reductions in the thickness, namely: 5%, 10%, 20% and 40%. 
Each rolling pass corresponds to the thickness reduction of 0.5mm and the final through 
thickness dimensions of the material are shown in Table 3.2. The four levels of cold 
reduction were used to study the effect and correlation between the amounts of prestrain 
and the material properties including the strain evolution during in-situ loading. And 
ultimately, the stress corrosion cracking susceptibility between the different levels of cold 
reductions can be assessed. 
 
Cold Work (%)
o
fo
h
hh −
= …………………………………………….…………. Equation 3.1 
 
Where ho and hf are the initial and final through thickness dimensions respectively.  
 
Figure 3.1: Schematic Diagram of Cold Rolling Process and Sample Orientations 
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Table 3.2: Cold Work Levels and Through Thickness of Rolled Plate 
Through Thickness, h (mm) 
Cold Work (%) Initial, ho Final, hf 
0 30 30.0 
5 30 28.5 
10 30 27.0 
20 30 24.0 
40 30 18.0 
 
The test materials used in this project were obtained from five treatment conditions, and 
these comprised four from the cold rolled conditions and one from the annealed condition. 
The samples used for the mechanical and SCC tests were machined from the centre of the 
plates along the three principal directions namely: Longitudinal (L), Transverse (T) and 
Short-transverse (S) directions. Whilst samples used for metallography and 
electrochemical studies were cut from the centre of the rolled plates and sectioned parallel 
to the three orthogonal planes namely: S-T, S-L and L-T planes which are perpendicular to 
the L, T and S directions, these planes are coloured blue, red and green respectively 
(Figure 3.1). 
 
3.2 Metallographic Characterisation of Cold Rolled Austenitic 
Stainless Steels 
3.2.1 Introduction  
Cold rolling can cause changes to the microstructural features of the material including the 
grain size and elongation. Cold work can also alter the shape and distribution of the 
retained delta ferrite which may be present in the austenitic stainless steels microstructure 
at room temperature. It has been suggested that the presence of delta ferrite in ASS can 
help to improve resistance to chloride SCC due to its interference with crack propagation 
across the austenite matrix by blunting the crack tip [8, 32]. Conversely, the presence of 
ferrite in the microstructure in a significant quantity may also affect the fracture toughness 
of the material.  
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The objective of this test was to carry out microstructural characterisation of the ASS 
subjected to different levels of cold work. Optical microscopy was used to determine the 
austenite grain size which was the predominant microstructure. Correlation between grain 
sizes and levels of cold reduction on the three orthogonal planes was also examined. In 
addition, the proportion of retained delta ferrite evident on the optical micrographs was 
determined with the aid of MATLAB software.  
 
3.2.2 Experimental Procedures 
The sample used for optical metallography was sectioned from the middle of the cold 
rolled plate. The samples were sectioned parallel to the 3 orthogonal planes of cold rolled 
plate. The naming convention used for the 3 planes are:  Longitudinal plane (S-T), 
Transverse plane (S-L) and Short-transverse plane (T-L) which are perpendicular to the L, 
T and S directions respectively. The sample preparation was carried out following 
metallographic wet grinding with increasingly fine silicon carbide papers in order of 320, 
400, 600, 800, 1200 and 4000 grits. The specimen was subsequently electropolished in a 
solution containing 8% Perchloric acid and 92% Acetic acid at the applied voltage of 42V 
for 90s following the procedures of the ASTM standard E 1558-99 [74]. The metal 
removal rate during the electropolishing was about 1µm/minute. The electropolished 
sample was then electrolytically etched in a solution containing 10% Oxalic acid and 90% 
distilled water at current density of 1A/cm2 for 60s in line with the ASTM standard A 262-
01 [75]. Electrolytic etching with oxalic acid has the potential to reveal the austenite grain 
boundaries, the retained delta ferrite and the slip bands.  
 
Table 3.3: Etchant 
Etchant Concentration Etching Condition Observation 
Oxalic Acid 
10g Oxalic acid 
+ 90ml distil 
water 
Electrolytic 
etching at current 
density of 1A/cm2 
(about 6V) for 60s 
Revealed grain boundaries, delta 
ferrite and anneal twin boundaries 
Sodium 
Hydroxide 
40g Sodium 
Hydroxide + 
100ml distil 
water 
Electrolytic 
etching at 5V for 
10s 
Delta ferrite tainted bluish black or 
grey like in colour 
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The retained delta ferrite on the short-transverse plane (T-L) of 20% cold rolled sample 
was independently etched electrolytically in a solution containing 40g Sodium Hydroxide 
solution at the applied voltage of 5V and for 10s. The sample was then rinsed with 
deionised water and then in ethanol before it was dried with warm air. A summary of the 
etching conditions and the observations is shown in Table 3.3. The etched sample was then 
examined under the Optical microscope. The mean grain size excluding the twin 
boundaries was determined from the average grain size obtained from the three orthogonal 
planes. The grain size was determined from the micrographs taken at magnification of 10X 
using the Intercept method according to ASTM Standard E 112-96є1 [76]. The proportion 
of the area of delta ferrite etched on the optical micrograph was calculated using the image 
processing toolbox in MATLAB software. 
 
3.2.3 Results  
3.2.3.1 Determination of Grain Size in Cold Worked Austenitic Stainless 
Steels 
The results of electrolytic etching with 10% Oxalic acid are categorised according to the 
degree of cold reduction namely: annealed, 5%, 10%, 20% and 40% cold work. The 
detailed results of the grain sizes for all the samples tested are contained in Table 3.4.
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i. Annealed  
The results of the optical metallography carried out on the annealed sample are shown in 
the Figure 3.2. The microstructural features revealed in the oxalic acid etched micrographs 
include the austenite grain boundaries, anneal twin boundaries within the austenite grains 
and retained delta ferrite.  
 
   
 
Figure 3.2: Optical Micrographs on the 3 Orthogonal Planes of Annealed ASS 
Electrolytically Etched with 10% Oxalic Acid 
 
The grain sizes (without the twin boundaries) on the longitudinal plane (S-T), transverse 
plane (S-L) and short-transverse plane (T-L) were 62µm, 67µm and 76µm respectively. 
The average grain size in the annealed material was 68µm. The observed difference in the 
grain size on the three planes was probably due to the effect of previous deformation. 
 
The retained delta ferrite maintained different shapes on each of the 3 orthogonal planes 
(Figure 3.2). The delta ferrite appeared as spots scattered randomly on the longitudinal 
plane (blue), while they appeared like narrow streaks, elongated along the longitudinal 
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direction on the transverse plane (red). The islands of ferrites on the short-transverse plane 
(green) were also elongated along the longitudinal direction but they appeared stretched 
perpendicular to the longitudinal direction and sparsely distributed. 
 
ii. 5% Cold Work 
The optical micrographs for the 5%CW samples are shown in Figure 3.3. The 
microstructural features in the micrographs are quite similar to those observed in the 
annealed sample. The grain sizes (without the twin boundaries) on the longitudinal plane 
(S-T), transverse plane (S-L) and short-transverse plane (T-L) were 53µm, 56µm and 70µm 
respectively. The average grain size in the 5%CW material was 60µm. 
 
     
 
Figure 3.3: Optical Micrographs on the 3 Orthogonal Planes of 5% Cold Rolled ASS 
Electrolytically Etched with 10% Oxalic Acid 
 
iii. 10% Cold Work  
The optical micrographs of the 10%CW samples are shown in Figure 3.4. The 
microstructural features in the micrographs are quite similar to those observed in the 
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annealed sample and 5%CW. The grain sizes (without the twin boundaries) on the 
longitudinal plane (S-T), transverse plane (S-L) and short-transverse plane (T-L) were 
48µm, 50µm and 67µm respectively. The average grain size in the 10%CW material was 
55µm. The slip bands are still not quite obvious in the 10%CW sample but can be faintly 
observed particularly in the Transverse plane (S-L micrographs). 
 
    
 
Figure 3.4: Optical Micrographs on the 3 Orthogonal Planes of 10% Cold Rolled ASS 
Electrolytically Etched with 10% Oxalic Acid 
 
iv. 20% Cold Work 
The results of the optical metallography for the 20%CW are shown in Figure 3.5. In 
addition to the austenite grain boundaries, the retained delta ferrite, slip bands are also 
revealed in the micrographs. The grain boundaries appeared deformed and slightly 
elongated along the rolling (longitudinal) direction. The average grain size (without the 
twin boundaries) on the longitudinal plane, (S-T); transverse plane, (S-L) and the short-
transverse plane (T-L) were 39µm, 46µm and 64µm respectively. The mean grain size in 
the 20% cold work material was 50µm. The slip bands are shown as a set of the parallel 
lines oriented predominantly at about 45° within the austenite grain boundaries.  
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Figure 3.5: Optical Micrographs on the 3 Orthogonal Planes of 20% Cold Rolled ASS 
Electrolytically Etched with 10% Oxalic Acid 
 
v. 40% Cold Work 
The microstructural features observed in the optical micrographs of the 40%CW samples 
(Figure 3.6) are quite similar to those found in the 20%CW micrographs. However, it was 
difficult to assess the austenite grain boundaries because the density of slip bands and 
degree of grain elongation were much greater in 40%CW micrographs than the 20%CW. 
The average grain size (without the twin boundaries) on the longitudinal plane, (S-T); 
transverse plane, (S-L) and the short-transverse plane (T-L) are 43µm, 54µm and 97µm 
respectively. The mean grain size in the 40%CW material was 65µm. This value showed 
that the average grain size in 40%CW sample was slightly higher than the 20%CW sample 
which appears unrealistic. This may have occurred due to experimental error considering 
that the grain boundaries were largely obscured by the slip bands. The shapes of the 
retained delta ferrite were slightly different in the 40%CW micrographs. The ferrite islands 
appear fragmented and are distributed more uniformly rather than the streaks found in the 
previous results of the lower cold worked specimens.   
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Figure 3.6: Optical Micrographs of the 3 Orthogonal Planes of 40% Cold Rolled ASS 
Electrolytically Etched with 10% Oxalic Acid 
 
3.2.3.2 Quantification of Retained Delta Ferrite  
The result of the delta ferrite independently etched with sodium hydroxide is shown in 
Figure 3.7A. The delta ferrite zones in the micrograph were tainted bluish-black and 
appeared as continuous streaks similar to those on short-transverse plane in Figure 3.5. The 
average length and width of each delta ferrite streak were about 100µm and 10µm 
respectively. The proportion of the area of the delta ferrite in the micrograph was 
calculated with MATLAB and amounts to 4%. The result agrees with the predicted amount 
of delta ferrite from Schaeffler diagram using the chromium equivalent and nickel 
equivalent of 19wt% and 12wt% respectively, which were calculated from the chemical 
composition (red dot in Figure 3.7B). 
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Figure 3.7: Optical Micrographs of 20% Cold Rolled ASS- Delta Ferrite on the Short-
Transverse Plane (T-L) Electrolytically Etched with 40g NaOH (A) and Schaeffler Diagram (B) 
 
Table 3.4: Grain size of Cold Worked ASS Type 304 
Grain Size (µm) on the Plane 
Cold work (%) L (S-T) T (S-L) S (T-L) Mean 
0 62 66.8 75.5 68 
5 52.6 56 69.5 59 
10 48.2 49.6 66.9 55 
20 38.6 45.7 64.3 50 
40 43.4 54.3 96.5 65 
 
3.2.4 Summary  
The characterisation of the austenitic stainless steel subjected different degrees of cold 
work was carried out using optical microscopy. The annealed and cold rolled materials 
were etched with 10% oxalic acid electrolytically to reveal the austenite grain boundaries, 
the slip bands and the retained delta ferrite. The grain sizes were determined using the 
circular intercept method (Figure 3.8A). The summary results of the grain sizes in the cold 
rolled samples are contained in Table 3.4. The plot of average grain sizes against the 
percent cold work are shown in Figure 3.8B. 
 
The trend of the average grain size with the level of cold work is the same on all the 3 
orthogonal planes. The average grain size decreases with cold work and reaches minimum 
at 20%CW. The higher grain size observed in the 40%CW sample was probably due to 
experimental error. The 40%CW sample was heavily deformed and contained higher 
density of slip bands (see Figure 3.6), these made the grain size determination from grain 
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boundaries which were largely obscured, very difficult and less accurate.The material cold 
rolled to 20% reduction consistently has the smallest grain sizes on the longitudinal, 
transverse and short-transverse planes. The independent etching of retained delta ferrite 
allowed the proportion of the delta ferrite on the micrographs to be determined with 
MATLAB. The amount of retained delta ferrite was estimated at 4% and this result was in 
good agreement with the prediction from the Schaeffler diagram.  
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Figure 3.8: Grain Size Determination by Intercept Method (A) and Plot of Average Grain Size 
against Percent Cold Work (B) 
 
One other microstructure that may be present in the austenitic stainless steel following cold 
rolling, which could not be revealed by optical microscopy, is strain induced martensite. 
Assessment of strain induced martensite was independently carried out using the neutron 
diffraction technique, and this is reported in the subsequent section. 
 
3.3 Assessment of Martensite Development during the In-Situ 
Deformation of Austenitic Stainless Steels at Ambient and 
Cryogenic Temperature with Neutron Beam 
 
3.3.1 Introduction  
The assessment of martensite development during cold rolling of austenitic stainless steel 
used in this report was quite necessary, to understand the possible role of martensite as a 
microstructural factor in the SCC susceptibility of the material. The austenite phase has the 
ability to undergo diffusionless transformation (without decomposition of austenite to 
ferrite or pearlite) to martensite by rapid cooling from the austenising temperature to room 
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temperature [13].  The martensite start, MS and martensite finish, Mf temperature range for 
austenitic stainless steels, unlike the carbon and low alloy steels, occurs below room 
temperature [35]. However, transformation of austenite to Strain Induced Martensite (SIM) 
may also occur above the MS temperature if the material is cold worked [77]. The shear 
transformation of austenite to SIM may occur during cold working of austenitic stainless 
steels according to the sequence: austenite, γ (FCC)  ε-martensite, (Hexagonal Closed-
Pack, HCP)  α'-martensite (BCC), the extent of which depends on the amount of strain 
applied and the chemical composition [39].  
 
The main aim of this test was to assess the level of martensite development during the 
uniaxial compression of ASS in-situ and to investigate the changes in internal strain 
evolution due to martensite development. The test was carried out at ambient and 
cryogenic temperatures. The test material was subjected to compressive strain while lattice 
strains are measured simultaneously using a neutron diffraction technique. A Neutron 
beam was used to achieve this objective because of its higher penetration power than x-ray 
and its capability for non destructive strain measurement [85, 88]. 
 
3.3.2 Experimental Procedures 
3.3.2.1 Neutron Diffraction Technique 
A beam of neutrons for strain measurement is available either from a reactor or accelerator 
source. In a reactor source, a continuous stream of high energy neutrons is produced, 
which is most suitable for fast studies measuring single peak diffraction at a constant wave 
length. Time of Flight (TOF) measurements at continuous flux from a reactor source can 
be achieved through the use of a chopper, like the GKSS source in Germany. Pulse 
neutrons are also available from reactor source such as the JINR at Dubna in Russia [88].  
 
The neutron beam used in this project was produced from an accelerator (pulsed spallation) 
source at ISIS, Rutherford Appleton Laboratory in Oxford, UK.  At ISIS, hydrogen ion 
containing a proton and two electrons produced by electric discharge are accelerated in 
70MeV linear accelerator (LINAC) to about 37% speed of light. Before entering the 
synchrotron ring, the two electrons on the hydrogen ion are stripped off using thin 
aluminium foil leaving a bare proton beam. The proton beams are fed into 800MeV 
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synchrotron ring, which is a 163m circumference of powerful magnets which helps to bend 
and focus the beam into a circle. The proton beams are accelerated to 84% speed of light in 
pulses after about 10,000 revolutions in synchrotron before they are out of the ring and 
travelled linearly towards the target. The pulses of high energy protons are bombarded 
against a heavy metal target usually Tantalum. About 15-20 neutrons of varying energies 
are produced by one incident proton by spallation process. The neutrons produced are 
moderated from energies in the range of 1-800MeV to about 1-1000meV after passing 
through hydrogenous (CH4, H2O or H2) moderator of approximately 100 × 100 × 50mm 
positioned near the target. The pulse neutron diffractometer has 3 key attributes which 
include: the ability to measure the lattice spacing with greater degree of accuracy for 
multiple diffraction peaks; the measurement can also be made on a small gauge volume 
within the component under study; and the gauge volume can be accurately positioned 
within the component [88].  
 
Engin-X is a Time of Flight neutron diffractometer where the neutrons travel from the 
moderator in short pulses (5-50µs) to the sample. The neutrons are scattered by the sample 
along the scattering vectors, QN and QS (see Figure 3.12) at Bragg’s angle 2θ. The neutron 
counts from the scattered beams are achieved with the aid of two detector banks positioned 
at ±90° to the incident neutron beam. This allows simultaneous measurement of strain 
along the axis of the specimen and normal to the axial direction. The size of the gauge 
volume is defined by the incident and outgoing beams. The dimension of the incident beam 
is defined by motorised (horizontal and vertical) slits and the outgoing beam is defined by 
the radial collimator. The gauge volume used for the experiments in this report was 4 x 6 x 
4 mm3.  
 
The neutron pulses produced have a wide range of energies and consequently wavelengths 
in the range of 0.1-10Å. A polycrystalline sample diffracts the neutron beam only if it 
satisfies Bragg’s law in Equation 3.2, where λ, d and θ are the wavelength, lattice spacing 
and Bragg’s angle respectively. From the de Broglie relationship, the wavelength, λ of the 
neutron is inversely proportional to the momentum, p of the neutron particle and relates to 
its velocity, v according to Equation 3.3. The Time of Flight, t is the time it takes the 
neutrons to travel from the moderator to the sample where they are scattered into detectors 
banks at angle 2θ to the incident beam (see Equation 3.4). Wherein h is the Planck 
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constant; M is the mass of the neutron; L is the flight path length from moderator to the 
detector bank [78,79, 88].  
 
θλ sin2 hkld= ………………………………………………………………… Equation 3.2 
 
ML
ht
Mv
h
==λ ………………..………………………….………………. Equation 3.3 
 






=
h
MLdt hkl
θsin2
……………………………….……………..….……… Equation 3.4 
)(
)()(
)(
hklo
hklohkli
hkl d
dd −
=ε
 …………….…………………………………….. Equation 3.5 
 
In time of flight instruments, a wide range of wavelengths is generally used so that a large 
number of diffraction peaks is recorded simultaneously. Typical plots of detected neutron 
counts against TOF are shown in Figure 3.9A [80]. The peaks in the Figure 3.9A 
correspond to the different crystallographic family planes (h k l) in the ASS sample. The 
volume fractions of the (h k l) in the sample are estimated from the multiplicity factor for 
the cubic crystal structure. The multiplicity factor for the (200), (111), (220) and (311) 
planes are 6, 8, 12 and 24 respectively. In a powder diffraction experiment, the time of 
flight or the lattice spacing for each related reflections are equivalent and unique to the 
family plane [78].           
 
                                                                        
Figure 3.9: Schematic Illustrations of Engin-X Spectrum Showing: Diffraction Peaks in Plot 
of Neutron Counts Vs TOF (A) and Peak Shift in Plot of Neutron Counts Vs Lattice Spacing 
(B) [80] 
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The information from all the diffraction peaks may be analysed by performing a least-
squares fitting of the diffraction pattern using the Rietveld refinement technique. Rietveld 
refinement has the advantage of simplicity and reduced uncertainties because of the 
availability of a large amount of data from the entire diffraction pattern, but the diffraction 
pattern can be complicated by factors including texture thus, making it difficult to achieve 
good fitting. The information available from the Rietveld analysis is often limited to the 
average unit cell parameters. However, additional information can be obtained through 
single peak analysis including: lattice spacing, peak width, lattice strain. Data analyses are 
accomplished at ISIS with the aid of crystallographic data analysis software, Open Genie 
[88].  
 
The lattice spacing is related to the TOF according to Equation 3.4. A schematic 
illustration of the plot of neutron counts against the lattice spacing is shown in Figure 3.9B 
[80]. Figure 3.9B showed the shift of a single peak from the stress-free lattice position by 
the magnitude, ∆d when the stress is applied. The deformation of the material may also 
cause the diffraction peaks to broaden. The peak broadening at Full Width Half Maximum 
(FWHM) in the stressed condition, Xi is greater than the stress-free condition, Xo (Figure 
3.9B). The lattice strain for the reflections (hkl) is calculated from the change in the lattice 
spacing (due to peak shift) according to the Equation 3.5. 
 
3.3.2.2 Determination of Stress-Free Lattice Spacing 
There is a strong requirement to measure stress-free lattice spacing from the material with 
the same experimental configuration as the stressed material to remove any systematic 2θ 
shift that may be present. The stress-free lattice spacing, do in a given location can be 
measured using any of the following 3 methods namely [81]: measurement from stress-free 
powder, measurement from the component cut up into small stress-free coupons and glued 
together and lastly, do may be measured from the unstressed region of the component. 
While these methods may be free from macrostresses, there is no guarantee that they can 
be absolutely free from microstresses. However, the last method was used in this report 
because it satisfied the above requirement. The method was also optimised for greater 
accuracy in the calculation of do as detailed below. 
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The stress-free lattice spacing was measured in the annealed sample not just at one location 
but over five angles between two orthogonal directions by rotating the angle the sample 
makes with the incoming beam, ω through: -15º, -30º, -45º, -60º and -75º. This corresponds 
to ψ angles (between the crystallographic plane and sample normals) from -30º to 30º and 
60º to 120º, for data across the normal and axial directions of the specimen respectively 
(see Figure 3.10). A schematic illustration of the relationship between ω and ψ is contained 
in Appendix 2.    
 
 
 
Figure 3.10: Crystal Orientations (psi) at which Lattice Spacings were Measured on Sample 
L-S 
 
The main reason for using this technique was that, by fitting the measured lattice spacing 
to sin2ψ along the normal direction (see Appendix 2), the measurement uncertainties at one 
location (usually at ω = -45º and ψ = 0) which could be sometimes large, can be eliminated 
and more accurate stress-free lattice spacing (do) can be achieved. The do obtained by this 
technique was used for the calculation of the lattice strain from the peak shift during the in-
situ loading test.  
 
3.3.2.3 Lattice Strain Measurement using Neutron Diffraction Technique 
The test sample used was machined from the annealed block into a cylindrical compression 
specimen shown in Figure 3.11. The strain measurement was carried out during the in-situ 
compression on the Engin-X Diffractometer at ISIS, Rutherford Appleton Laboratory 
(RAL) in Oxford. The test was carried out on the stress rig fitted with a cryogenic box to 
allow compression to 10% strain at cryogenic temperatures. In addition to the stress rig, 
other facilities used included the cryogenic apparatus, the vacuum pump and the 
   
-30º 30º 
60º 
120º 
S (L,T) 
L (T,S) 
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compressor to achieve the test temperatures. The cryogenic temperatures of -100°C, -75°C 
and -50°C were achieved through the compression of helium gas at vacuum pressure below 
2.5 x 10-3 bar. The temperature drops with decrease in pressure at constant volume. The 
heat from the sample is removed by conduction heat transfer through the copper-beryllium 
alloy in contact with the sample and the cryogenic box. The test temperature is stabilised 
by the heater situated at the back of the grips, while the temperature was monitored with 
the thermocouples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: Schematics of Engin-X 
Compression Specimen 
 
Figure 3.12: Specimen Orientation on the Stress 
Rig during the In-Situ Strain Measurement on 
Engin-X Diffractometer Parallel (QN) and 
Perpendicular (QS) to the Loading Axis 
 
The in-situ loading strains were determined using the cross head position control as the 
available extensometer was not suitable for cryogenic test.  An average of 25 measurement 
points was carried out at a neutron count time of 12 minutes each. The long count time was 
needed to ensure sufficient data are captured for single peak fitting. The single peak fitting 
of the diffraction pattern was carried out with Open Genie application software. The lattice 
strain was determined from the peak shift according to the Equation 3.5. 
    
3.3.3 Results  
3.3.3.1 Effect of Cryogenic Deformation on the Mechanical Properties 
Plots of the applied compressive stress against the engineering bulk strain are shown in 
Figure 3.13A for all the test temperatures. The stress magnitude increased with strain in all 
L=20m
m 
Ф =8mm 
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test conditions. The large strain observed at the beginning of the test was probably due to 
the compliance of the machine. It must be mentioned that, the test at -100°C led to 
deformation of the grip while buckling was observed in some of the samples during the 
test. The yield strength (Rp 0.2%) of the material at the deformation temperatures of 25°C, 
-50°C, -75°C and -100°C was 280MPa, 340MPa, 390MPa and 470MPa respectively.  The 
correlation between the yield strength and deformation temperature is shown in Figure 
3.13B. The yield strength increases with decrease in temperature. 
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Figure 3.13: Plots of Applied Compressive Stress against Engineering Strain (A) and Yield 
Strength of Material against Deformation Temperature (B) 
 
3.3.3.2 Assessment of Martensite Development during the In-Situ 
Deformation 
The neutron diffraction peaks, for the room temperature axial compression loading, along 
the axial and radial directions of the samples are shown in the Figure 3.14. At the 
maximum applied stress of 500MPa, which corresponds to about 10% bulk strain, there 
was no any evidence of martensite among the austenite peaks.  
 
B A 
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Figure 3.14: Neutron Diffraction Peaks of the ASS, 304L along the Axial Direction (Black) 
and Radial Direction (Red) during the In-Situ Compression Loading at Room Temperature 
 
In a sharp contrast to the room temperature deformation, evidences of emerging martensite 
peaks were obvious when deformation was carried at cryogenic temperatures. The 
diffraction peaks along the axial and radial direction of the sample subjected to the 10% 
compressive strain in-situ at -75°C are shown in Figures 3.15 and Figure 3.16 respectively. 
In both Figures, the black line indicated diffraction peaks in elastic region at the applied 
stress of 200MPa while the red line showed diffraction peaks in plastic region at the 
maximum applied stress of 600MPa. There was no evidence of martensite peaks neither 
along the specimen axis nor in the radial direction after the applied stress of 200MPa at 
cryogenic temperature. 
 
However, HCP martensite peaks 0110  and 3110 , and BCC martensite peak 110 were 
observed along the axial direction at the maximum applied stress of 600MPa (Figures 
3.15). Only the HCP martensite peak 0110  was observed along the radial direction (Figure 
3.16). These results showed that, in this particular ASS used for the test, strain induced 
martensite did not develop during room temperature deformation. Evidence of martensite 
development was only observed during the plastic deformation at cryogenic temperatures. 
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Figure 3.15: Neutron Diffraction Peaks of the ASS, 304L along the Axial Direction during the 
In-Situ Compression Loading to 200MPa (Black) and 600MPa (Red) at Cryogenic 
Temperature (-75°C) 
 
 
 
Figure 3.16: Neutron Diffraction Peaks of the ASS, 304L along the Radial Direction during 
the In-Situ Compression Loading to 200MPa (Black) and 600MPa (Red) at Cryogenic 
Temperature (-75°C) 
 
3.3.3.3 Effect of Martensite Development on Evolution of Lattice Strain 
The effects of the martensite development on the evolution of lattice strain during the in-
situ deformation of ASS at cryogenic temperatures are shown in Figure 3.17. The applied 
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compressive stresses are plotted against the lattice strains for the first four austenite peaks 
namely 311, 220, 200 and 111 (Figure 3.17). The 111 and 220 peaks are known as the 
stiffest peaks while the 200 peak is regarded as the most compliant peak. The 311 peak is 
considered the most representative of the bulk material for the austenitic stainless steels 
[84].   
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Figure 3.17: Graphs of Applied Stress against Microstrain for Diffraction Peaks 200, 220, 111 
and 311 Showing the Effect of Martensite Development on Lattice Strain Evolution in ASS 
304L During the In-Situ Compression Loading at Cryogenic Temperature     
 
During the in-situ loading, compressive lattice strains developed along the loading 
direction while tensile lattice strains developed along the radial direction. Data from the 
specimen axis are most relevant and are shown in the results. From the graphs of the 
applied stress against the measured lattice strains along the specimen axis (loading 
direction) in Figure 3.17, results of the tests at different cryogenic temperatures namely, -
100°C, -75°C, -50°C and ambient temperature, can be compared.   
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The behaviour of the material was quite similar at all the test temperatures. Detailed study 
of the stiffest and the most compliant peaks during the compression loading at ambient 
temperature showed a remarkable behaviour of the material at micro scale. The 200 peak 
(Figure 3.17A) started with elastic deformation but before the bulk yield strength, σy, early 
plasticity began at about 180MPa. This is evident from its deviation towards the left and 
consequently some of its load burden is transferred onto the stiffer 220 and 111 peaks 
(Figure 3.17B and C respectively) whilst deforming elastically. Plasticity started later in 
the 220 and 111 peaks at about 230MPa indicated by their deviation towards the right. 
Correspondingly, the 200 peak showed evidence of deviation towards right. Again, this 
suggests the transfer of load burden back to the 200 peak as they were all deforming 
plastically. The stress at which the early plasticity began in the 200, 220 and 111 peaks 
increased as the deformation temperature decreases. In the case of 200 peaks which is the 
most conspicuous, the first deviation towards left which indicated the beginning of 
plasticity during deformation at 25°C, -50°C, -75°C and -100°C occurred at about 
180MPa, 300MPa, 350MPa and 380MPa respectively (see Figure 3.17A).   
 
The behaviour of the 311 peak (Figure 3.17D) remained virtually unchanged with little or 
no deviation. The results of the lattice strain in the 311 peak showed evidence of 
reinforcement by the martensite development as the deformation temperature decreases. 
The lattice strain observed in the material at a given applied stress is relatively small at -
100°C compared to that observed at ambient temperature. The evidence of reinforcement 
of the austenite matrix with the emerging martensite phase and the resultant internal stress 
has been extensively covered in the report of Spencer et al. [19]. They studied internal 
stress evolution in multiphase structure of stainless steels 316L, containing austenite matrix 
and martensite phase, generated by prestraining at cryogenic temperature. Their results 
demonstrated the development of internal stresses from the inhomogeneous deformation 
between the hard phase-martensite and the relatively less stiff austenite phase (Figure 
3.18A). They categorised their plot of applied tensile stress against the lattice strain in each 
phase into 3 stages. The first stage started with elastic deformation in both austenite and 
martensite phases, but just before the transition to stage 2, early plasticity began in the 
austenite phase evident from its deviation towards left while martensite continue to deform 
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elastically. The on-set of plasticity in the austenite lead to the load transfer onto the 
martensite whilst deforming elastically.  
 
   
Figure 3.18: Co-deformation of Austenite and Martensite in 316L: Stages of Yielding on the 
Plot of Applied Stress Vs Lattice Strain (A) and Plot of Stress in each Phase Estimated from 
the Diffraction Elastic Constant Vs Applied Bulk Strain (B) [19] 
 
In stage 2, the plasticity continued in the austenite while martensite undergoes transition 
from elastic to plastic deformation evident from its deviation towards right. The final stage 
commenced with full plasticity in the martensite and deviation of plastically deformed 
austenite towards right while the martensite trend remained unchanged. The behaviour of 
the material at this stage suggests that, the martensite could no longer bear the burden of 
the load when its full plasticity is reached. Consequently, the burden of the load is finally 
transferred onto the austenite. The magnitude of the strain heterogeneity between the 2 
phases is an indication of the internal stresses in the material. The internal stresses 
particularly the tensile stresses may play a key role as a driving force in the Stress 
Corrosion Cracking (SCC) of the ASS particularly the secondary cracks. A plot of stress 
estimated from the diffraction elastic constants, in each phase against the applied bulk 
strain (Figure 3.18B), was shown in their results as additional evidence of the martensite 
phase acting as a reinforcement and support to the austenite. The share of the applied stress 
between the 2 phases is greater for the martensite than for the austenite.  
 
3.3.4 Summary  
An assessment of the effect of martensite development on the lattice strain evolution 
during the in-situ compression of austenitic stainless steel, Type304L at ambient and 
cryogenic temperatures was carried out. The Engin-X neutron diffractometer was used to 
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study the change in the lattice strain during uniaxial compression loading to 10% strain in-
situ. 
 
The report found no evidence of martensite during the compression test at ambient 
temperature. Similarly, no martensite was observed in the elastic region at cryogenic 
temperatures up to an applied load of 200MPa. However, a significant level of martensite 
was observed in the plastic region at the applied strain of 10%. The presence of martensite 
in austenitic stainless steels microstructure acts as a reinforcement to the austenite matrix. 
This is evident from the decrease in the lattice strain as the deformation temperature 
decreases. Finally, it also emerged from the results that the yield strength of the material 
increases as the deformation temperature decreases. 
 
Detailed assessment of the effects of the cold work levels and the strain paths on the 
mechanical properties of the austenitic stainless steels was carried out and described in the 
subsequent section of this report. The assessment is crucial to gain a better understanding 
and to explore the mechanical aspects of cold work on stress corrosion cracking of 
austenitic stainless steels.  
 
3.4 Effects of Cold Work Levels and Strain Path on Mechanical 
Properties of Austenitic Stainless Steels 
 
3.4.1 Introduction 
This study was carried out to explore the mechanical aspects of cold work on the SCC 
susceptibility of Austenitic Stainless Steels. The mechanical properties of ASS in cold the 
worked condition can be optimised for engineering applications if the effects of loading 
directions on the strength of material are fully understood. The re-straining of prestrained 
(cold worked) material in the forward direction causes the yield strength to increase 
markedly depending on the level of prestrain. Consequently, the material exhibits slight 
reduction in the flow stress due to permanent softening attributed to recovery during the 
earlier unload and reload. Conversely, when the re-straining direction is reversed, the yield 
strength of material appears much lower than the flow stress. The reverse flow stress also 
appears much lower than the forward flow stress. This is evident from the higher 
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permanent softening. These relate to the concept of Bauschinger Effect (BE). Figure 3.19 
shows schematic illustration and empirical determination of the BE proposed by Mataya et 
al. [82].   
 
 
Figure 3.19: Schematic Diagram and Parameters for Measuring Bauschinger Effect [82] 
 
The origin of the Bauschinger effect has also been attributed to the evolution of internal 
stresses due to strain compatibility during elasto-plastic deformation [19]. In a single phase 
material, the extent of deformation in each grain is dependent on their crystallographic 
orientation with the loading axis. Some grains will have their slip system activated earlier 
and tend to deform plastically, while some other neighbouring grains deform elastically 
[78]. The heterogeneous deformation between adjacent grains during forward loading leads 
to evolution of back stresses which can facilitate early plasticity when the loading direction 
is reversed. Back stresses are directional stresses which oppose continue straining in the 
forward direction and when the loading is reversed, they may assist the flow of material at 
relatively lower applied stress [82,83].   
 
The internal stress evolution in multiphase structure stainless steels 316L, containing 
austenite matrix and martensite phase, generated by prestraining at cryogenic temperature 
was studied by Spencer et al. [19]. Their results demonstrated the possible development of 
internal stresses from the compatibility between the elastic deformation in the hard phase-
martensite and the plastic deformation in the relatively less stiff austenite phase (see Figure 
3.18A). The magnitude of the strain heterogeneity between the 2 phases is an indication of 
the internal stresses in the material. The internal stresses particularly the tensile stresses 
may play a significant role in the SCC of the austenitic stainless steels, perhaps in the 
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propagation of the secondary cracks. Tensile stresses act as a driving force in SCC. Their 
magnitude depends on the amount of prestrain and the subsequent loading direction.  
 
A synergistic approach involving both experimental and theoretical model predictions has 
been developed to understand the internal strain evolution during deformation of stainless 
steels in recent time [84, 85, 86]. The prediction of lattice strain evolution with an Elasto-
Plastic Self Consistent model during the uniaxial tensile loading of ASS, Type 316 was 
reported by Clausen et al. [85]. While, comparison of the model with experimental results 
showed good agreement along the specimen axis, they observed some discrepancies along 
the transverse direction.  In this report, assessment of internal strain evolution during in-
situ tension-tension and compression-tension load cycles by uniaxial deformation was 
carried out on annealed material using the neutron diffraction technique. In addition, 
assessment of internal strain evolution in cold rolled materials was also carried following 
in-situ loading to 5% tensile strain along the 3 orthogonal directions. This was done to 
allow comparison of the effect of prestraining by uniaxial deformation and cold rolling.  
The benchmark of 5% tensile strain was used because it has been suggested that stress 
corrosion cracking can occur at a plastic strain of about 5% [87].  
 
The objective of this work was to study the change in mechanical properties and internal 
strain evolution during re-straining of ASS prestrained by uniaxial deformation and cold 
rolling along different directions.  This objective was achieved using different 
experimental techniques. Mechanical testing was done to study the yield strength 
anisotropy and Vickers hardness measurement was carried out to assess the hardness 
profile in the cold rolled materials. The neutron diffraction technique was used for the 
measurement of lattice strain during in-situ loading to the 5% tensile strain along the three 
orthogonal directions. Neutron diffraction was used because of its higher penetration 
power than X-ray and its non destructive strain measurement capability [85,88].  
 
3.4.2 Experimental Procedure 
3.4.2.1 Hardness Measurement 
Vickers hardness measurements were carried out on the cold rolled plates to determine the 
hardness profile along the short-transverse direction on the S-T plane. Sample preparation 
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was carried out following wet grinding with increasingly fine silicon carbide paper in order 
of 320, 400, 600, 800, 1200 and 4000 grit. They were subsequently polished with diamond 
pastes in order of 3µm and 1µm. The hardness measurements were carried out on the S-T 
planes of the cold rolled plates. A load of 30kg was used to produce diamond indentations 
on the specimen surface. The Vickers hardness value was calculated from the average 
length of the diagonals of the indentations. In recognition of the scattered nature of the 
hardness values, two measurement profiles were carried out at an interval of 10mm to 
minimise the effect of localised plastic strain around the indentation. The average of the 
two measurement results was considered to better represent the true hardness value. 
 
3.4.2.2 Mechanical Testing  
Stress-strain measurements were carried out on an Alliance-RT/100 model of the Material 
Testing Solution (MTS). The test machine was equipped with a 100kN load cell. The strain 
was measured with a 10mm gauge length extensometer attached to the specimen gauge 
length. The test was carried out at the cross head speed of 8 x 10-4 mm/s in line with 
ASTM standard E 8M-04 [89].   
 
The samples used for mechanical testing were machined from the middle of the cold rolled 
plates along the three orthogonal directions namely: Longitudinal (L), Transverse (T) and 
Short-transverse (S) directions (Figure 3.20). The material along the S-direction was not 
long enough to obtain a tensile specimen; it was therefore Electron Beam Welded (EBW) 
on both sides with DSS material, UNS S32760 (Figure 3.20). The choice of DSS with 
relatively higher yield strength was made to allow load transfer to the ASS in the gauge 
length region. Electron beam welding was used to minimise the heat input to the parent 
materials. The tensile specimen was then machined from the assembly. A schematic 
diagram of the tension/compression samples and their respective dimensions is shown in 
Figure 3.21. The example of the naming code used for the mechanical test samples 
includes 20%CW + 5%T, which stands for sample prestrained to 20% cold worked and 
subsequently re-strained to 5% in tension.  The mechanical test procedures are categorised 
into two namely: the first comprised samples prestrained by uniaxial deformation, which 
are mainly annealed samples subjected to tension-tension and compression-tension load 
cycles. The second category comprised the samples prestrained by cold rolling and re-
strained to 5% in tension along the 3 orthogonal directions.  
  
 
119 
 
 
Figure 3.20: Schematic Diagram of Cold Rolled Plate Showing the Specimens Orientation  
 
 
Figure 3.21: Schematics of Engin-X Tension/Compression Specimen   
  
i. Annealed 
The first load cycle test was carried out on the annealed materials using tension specimens 
in Figure 3.21. Two samples were both prestrained to 10% by uniaxial deformation, one in 
tension and the other in compression followed by unloading. Both samples were 
subsequently reloaded to 5% tensile strain and then unloaded to simulate Tension-Tension 
(T-T) and Compression-Tension (C-T) load cycles respectively. These tests were carried 
out to study the yield strength anisotropy and the Bauschinger effect following prestraining 
by uniaxial deformation.  
 
ii. Cold Rolled   
The second load cycle test involved samples prestrained by cold rolling to 5%, 10%, 20% 
and 40% reduction. The cold rolled samples were re-strained uniaxially to 5% in tension 
Dimensions (mm) 
 Tensile Compressive 
A 26 14 
B 20 28 
L 82 74 
R 8 2 
 
 
 W 8 8 
B B R 
L 
W 
A 
M12 (ISO Metric Coarse 
Screw Thread 
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along the 3 directions: L, T and S and then unloaded. Cylindrical compression samples (see 
Figure 3.20) were also manufactured from the cold rolled plates with length and diameter 
of 20mm and 8mm respectively. The compression samples were equally re-strained 
uniaxially to 5% in compression. This was done to simulate Compression-Compression (C-
C) load cycle in the cold rolled materials. The purpose of these load cycles was to assess 
how prestraining by cold rolling affect the yield strength anisotropy and Bauschinger effect 
in the austenitic stainless steels.  
 
3.4.2.3 Lattice Strain Measurement using Neutron Diffraction Technique 
i. In-Situ Loading Strain Measurement in Annealed Sample  
In-situ loading strain measurement was carried out on annealed samples during the T-T 
and C-T load cycles test. During the forward loading, the samples were subjected to 10% 
strain in tension and compression followed by unloading. The samples were subsequently 
subjected to 5% tensile strain to simulate the T-T and C-T loading cycles respectively. 
Simultaneous strain measurement in-situ was achieved by positioning the sample at an 
angle (ω) -45° to the incident beam on the horizontal stress rig mounted on the Engin-X 
positioning table. Strain was measured along the specimen axis and normal direction at 
angle, ψ equals 0° and 90° respectively (Figure 3.22). An average of 25 measurements at a 
neutron count time of 10 minute each, were made on each sample mostly in the elastic-
plastic transition region during loading. The long count time used was to ensure sufficient 
data are captured for single peak fitting. 
 
 The bulk strain was measured with the extensometer attached to the gauge length of the 
test samples, except the the sample subjected to C-T load cycle. The T-T load cycle test 
was strain controlled, whilst the C-T load cycle test was stress controlled due to the load 
reversal. The applied stresses from the test rig were plotted against the bulk and lattice 
strains. The bulk strain for the C-T test was not available because the extensometer could 
not be used for strain measurement. Hence, the strain data obtained off the neutron beam 
with the extensometer was adapted to the neutron beam stress rig results. This required 
using a multiplication factor of 0.9, obtained from the calibration of the T-T loading results 
off the beam line to the actual beam line data. This was done to cater for the flow stress 
difference due to creep relaxation during the neutron count time.  
  
 
121 
 
 
 
Figure 3.22: Specimen Orientation on the Engin-X Diffractometer Stress Rig Aligned with 
Neutron Beam for the In-Situ Strain Measurement Parallel, QN and Perpendicular, QS to the 
Loading Axis 
 
ii. In-Situ Loading Strain Measurement in Cold Rolled Samples 
The load cycle test in the cold rolled sample comprised initial prestraining by cold rolling 
and subsequent re-straining to 5% tensile strain in-situ along the 3 orthogonal directions. 
In-situ strain measurement is not possible during cold rolling. The do measured from the 
annealed sample was used for lattice strain measurement in the samples prestrained by cold 
rolling. In this case, the residual strain following cold rolling will be accommodated in the 
strain calculations for re-straining of the cold rolled sample in-situ. The experimental 
procedures for the in-situ strain measurement in the cold rolled sample were the same as 
those used in the annealed sample above.  
 
The naming convention used for the neutron diffraction samples in the report includes: 
20%CW (T-L). The part of the name before the parenthesis represents the material 
treatment conditions which include: 5%CW, 10%CW, 20%CW and 40%CW and inside 
the parenthesis, the first letter indicates the specimen axis and the direction from which the 
specimen was machined, while the second letter represents the normal direction to the 
specimen axis. All the neutron diffraction experiments were carried out at ambient 
temperature. 
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3.4.3 Results 
3.4.3.1 Annealed Sample Prestrained by Uniaxial Deformation  
i. Mechanical Testing 
The plots of the applied stress against the bulk strain for the T-T and C-T load cycle tests 
carried out on the annealed material are shown in Figure 3.23A & B respectively. In the 
tension-tension load cycle (Figure 3.23A), the yield strength (Rp 0.2%) of the material was 
290MPa during the initial tensile loading to 10% strain (about 0.095 true strain). The yield 
strength later increased to 520MPa when the material was reloaded to 5% tensile strain in 
forward direction. The flow stress at the point of unloading was 530MPa. The difference 
between the flow stress when the material unloaded at 0.095 strain and the yield strength 
(520MPa) following the re-straining in the forward direction, was 10MPa. The permanent 
softening corresponding to the bulk strain of 0.11 was 20MPa (see Table 3.5).   
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Figure 3.23: Annealed Tension-Tension (A) and Compression-Tension (B) Load Cycles Test 
 
Conversely, the C-T loading cycle (Figure 3.23B) had its yield strength reduced from 
280MPa observed during the initial 10% compression test to 250MPa when it was re-
strained to 5% tensile strain in reverse direction. The flow stress at the point of unloading 
was 550MPa. The difference between the flow stress at 10% strain (about 0.105 true strain) 
and the yield strength (250MPa) following the re-straining in reversed direction, was 
300MPa. The permanent softening corresponding to the bulk strain of 0.11 was 110MPa 
(Table 3.5). 
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There is evidence of a hysteresis loop between the unloading and reloading in Figure 
3.23A and B. The hysteresis loop suggests that the elastic recovery during the unloading 
from initial 10% strain was accompanied by dynamic recovery from plastic strain. This is 
evident from the unloading curve that was not completely straight. A similar observation 
was reported by Spencer et al. [19]. They observed that the size of the loop increases as the 
amount of prestrain increases and suggested it could be used as a measure of internal stress 
in the material.  
ii. Lattice Strain Measurement during Load Cycles in Annealed Samples 
The results of the lattice strain measurement with the neutron beam during the in-situ load 
cycles are categorised into two namely: the elastic strain measurement from the peak shift 
and assessment of intragranular strain from the peak broadening during the T-T and C-T 
load cycles. 
a. Peak Shift and Assessment of Lattice Elastic Strain Development  
The plots of the applied stress against the bulk strain for the T-T and C-T load cycle tests 
on the neutron beam line are shown in Figure 3.24A and B, and the results of the 
corresponding lattice elastic strain measured in-situ are shown in Figure 3.24C and D 
respectively. The lattice strains were measured by considering the strongest first four 
diffraction peaks namely: 111, 200, 220 and 311peaks.      
 
The tensile loading to 10% strain generated tensile elastic lattice strain along the loading 
direction and compressive elastic lattice strain perpendicular to the loading axis (Figure 
3.24C).  Considering the lattice strain data along the loading axis only (see Figure 3.24E), 
the four peaks started with elastic deformation but before the bulk yield strength, σy1 
(250MPa), early plasticity began in the 200 peak at about 180MPa. This is evident from its 
deviation towards right and consequently the load burden is transferred onto the 220 peak 
whilst deforming elastically. Plasticity started later in the 220 peak at about 230MPa 
indicated by its deviation towards right. Correspondingly, the 200 peak now assumed 
additional load burden evident by its deviation towards left. 
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Figure 3.24: In-Situ Tension-Tension and Compression-Tension Load Cycle Tests on Engin-
X Beam line: Applied Stress Vs Strain (A) and (B); Stress Vs Lattice Strain along the 
Loading Axis, L and Normal Direction, S (C) and (D) and Stress Vs Lattice Strain along L 
only (E) and (F) Respectively 
 
The behaviour of the 311 peak remained virtually unchanged with little or no deviation. 
Beyond the bulk yield strength, evidence of plasticity continued in all the peaks until the 
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end of the first load cycle at 10% tensile strain. The highest and the least lattice elastic 
strain occurred in the 200 and 220 peaks, both of which represent the most compliant and 
the stiffest peak [84] respectively. 
 
Residual strains were measured after unloading from the initial 10% tensile strain along the 
loading axis. In Figure 3.24E, 220 and 111 peaks unloaded with compressive residual 
strains values of -480µε and -299µε respectively. While tensile residual strains were 
measured in the 311 and 200 peaks, with the strain values of 74µε and 601µε respectively. 
The detail results are contained in Table 3.6. After reloading in the forward direction, 
beyond the yield strength, σy2 (480MPa), both the 220 and the 200 peaks deviated towards 
the left further. The heterogeneous deformation between the two extremes continues to 
increase and the lattice strain difference, ∆ε between the two are considered a measure of 
internal strain.   
 
The results of the C-T load cycle along the loading axis are shown in Figure 3.24D. In C-T 
load cycle test, compressive lattice strain was generated along the loading axis, while 
tensile elastic strain was observed along the normal direction. The lattice strain evolution 
during the in-situ compression and after the unloading was consistent with the results of 
the T-T test. However, during the compression loading, the least strain occurred in 111 
peak rather than in 220 peak observed in tension test (see Figure 3.24D). This suggested 
that the behaviour of this material under the tensile and compressive deformation might not 
be entirely the same. The residual strain measurement after unloading from the 10% 
compressive strain showed that, 220 and 111 peaks unloaded with tensile residual strain of 
276µε and 231µε while 311 and 200 peaks unloaded with compressive residual strain of -
65µε and -317µε respectively. The detail results are contained in Table 3.6. 
 
Considering the loading axis of the C-T loading cycle test in Figure 3.24F, the lattice 
response during the reverse loading was almost entirely linear. The burden of the load was 
supported by 200 peak until the plasticity began at about 200MPa before the cross over. 
This may have occured due to compressive residual strain which accompanied 200 peak 
following unloading. Beyond the cross over, the burden of the load is transferred from the 
200 peak onto the elastically deforming 111 and 220 peaks. In contrast, the 111 peaks 
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showed the least deformation unlike the 220 peak in T-T loading. The strain difference, ∆ε 
between the minimum and maximum strain increases with the applied stress.  
  
b. Peak Broadening and Assessment of Intragranular Strain  
The single peak fitting allows the determination of the peaks FWHM which was used as a 
measure of the peak broadening. The plot of applied stress against the Voigt peak width, 
(FWHM) during the T-T and C-T load cycle are shown in Figures 3.25A and B 
respectively. And, the corresponding plots of the FWHM against the bulk strain are shown 
in Figure 3.25C and D respectively.  
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Figure 3.25: Peak Broadening during the Annealed T-T and C-T Load Cycles: Applied Stress 
Vs Peak Width (A and B) and Peak Width Vs Bulk Strain (C and D) Respectively 
 
The plot of stress against the peak width showed an initial marginal decrease in the peak 
width during the elastic deformation up to 200MPa in both T-T and C-T load cycle. 
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Significant increase in the peak width occurred beyond 200MPa during the plastic 
deformation up to the end of the initial 10% tensile and compressive strain. Generally, 
there was evidence of decrease in the peak width during the elastic unloading from the 
initial 10% strain. The decrease was more obvious in 200 and 311 peak widths than in the 
111 and 220 peaks. During the reload in forward direction to 5% tensile strain, the FWHM 
continued to increase with stress (Figure 3.25A and C). In contrast, the reload in reverse 
direction to 5% tensile strain neither showed any obvious increase nor decrease in the peak 
width. The peak width remained unchanged throughout the reversed loading (Figure 3.25B 
and D). Amongst all the peaks, the response of the 200 peak was quite outstanding (Figure 
3.25A-D).    
 
3.4.3.2 Sample Prestrained by Cold Rolling 
i. Vickers Hardness Measurement  
The result of hardness measurement on cold rolled materials is shown in Figure 3.26. The 
result shows the effect of cold work on the hardness values of ASS. Overall, the hardness 
values increase with the level of cold work with a significant margin up to 50Hv30.  The 
trend of the hardness profile was rather uniform in all the material conditions. The 
hardness increased from the central region towards the rolled surfaces (Figure 3.26A).  
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Figure 3.26: Hardness Profiles along Short-Transverse Direction of Cold Rolled ASS (A) and 
Correlation between Cold Work Level and Hardness Value (B) 
 
The frictional contact between the material and the rolls may have contributed to the 
greater cold working and strain hardening of the near surface of the plate than the mid-
B A 
  
 
128 
plate. The hardness profile was an indication of strain gradient along the through thickness 
of the rolled plates, probably caused by inhomogeneous deformation during the cold 
rolling. Figure 3.26B showed the correlation between the cold work and the hardness 
values at the middle of the plate. The hardness value increases with the level of cold work 
in the material.  
 
ii. Effect of Cold Rolling and Strain Path on Mechanical Properties  
The effects of cold work levels and strain path on the yield strength of the cold rolled 
materials were investigated. The results of stress-strain tests carried out on the cold rolled 
materials namely: 5%CW, 10%CW, 20%CW and 40%CW are as follows: 
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Figure 3.27: Stress-Strain Curves of Materials Cold Rolled to 5%Cold Work (A) and 10%Cold 
Work (B) and Reloaded to 5% Tensile Strain along L, T and S  
 
The stress-strain results for the material prestrained to 5%CW by cold rolling are shown in 
Figure 3.27A. The yield strength observed along the L and T-directions were quite close 
with values of 370MPa and 380MPa respectively. The material showed considerably lower 
strength along the S-direction than the L and T-directions. The yield strength of the 
material along the S-direction was 330MPa. The low yield strength of the material along 
the S-direction was not unexpected as the S-sample was closely related to the C-T load 
cycle in the cold rolled samples. 
 
The stress-strain results for the material prestrained to 10%CW are shown in Figure 3.27B. 
The L and T directions had same yield strength values of 540MPa. The yield strength 
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along the S-direction was comparatively lower than L and T-direction. The yield strength 
of material along the S-direction was 400MPa. The lower yield strength and flow stress 
along the S-direction which is close to the C-T load cycle (re-straining in reversed 
direction) is consistent with the Bauschinger effect.  The yield strength and flow stress 
observed in the S-direction sample were relatively lower than in the L and T-direction 
samples.  
 
The stress-strain results for the material prestrained to 20%CW and 40%CW by cold 
rolling are shown in Figure 3.28A and B respectively. These results are consistent with the 
results obtained from the 5%CW and 10%CW material. The yield strength of the 20%CW 
material along the L and T-direction were 720MPa and 700MPa respectively. These values 
were much greater than the 500MPa observed along the S-direction. The re-straining to 5% 
in tension along the L and S direction simulated the T-T and C-T strain paths respectively. 
Failure occurred during the tensile loading at the welded joints of the short transverse-
sample immediately after the elasto-plastic transition region. The failure was probably due 
to the low strength caused by enhanced recrystallization of the higher cold rolled samples 
after welding.   
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Figure 3.28: Stress-Strain Curves of Materials Cold Rolled to 20%Cold Work (A) and 
40%Cold Work (B) and Reloaded to 5% Tensile Strain along L, T and S 
 
The yield strength of the 40%CW material re-strained along the L, T and S directions were 
920MPa, 960MPa and 680MPa respectively. Consistent with earlier results, yielding 
occurred along the S-direction at relatively lower value shortly before failure at welded 
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joint. It was also observed from the 40%CW results (Figure 3.28B) that, the ultimate 
tensile strength along the T-direction was about 70MPa greater than the L-direction.   
 
Generally, the yield strength along the L and T direction were fairly close with marginal 
differences, whilst the S direction consistently showed relatively low yield strength for all 
the cold rolled materials re-strained to 5% in tension.  The re-straining to 5% in 
compression proved otherwise as evident from the results of the 20% cold work. When the 
20%CW sample was re-strained to 5% in compression, the yield strength measured along 
the L, T and S direction were 460, 700 and 780MPa respectively (see Table 3.5). The 
lowest and the highest yield strengths occurred along the longitudinal and short-transverse 
directions respectively, when re-strained to 5% in compression. The 5% compression along 
the L and S direction simulated the Tension-Compression (T-C) and Compression-
Compression (C-C) load cycles respectively. These results showed that, the yield strength 
of material becomes lower when the strain path is reversed during the load cycle. The 
magnitude of Bauschinger effect is independent on whether tensile or compressive 
prestraining comes first or last, but rather on the amount of prestrain. This is evident from 
the yield strength of 700MPa observed in transverse sample re-strained to 5% in tension 
and compression. 
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Figure 3.29: Stress-Strain Curves of all Cold Works Loaded along the T-Direction (A), and 
Effects of Cold Work on the Yield Strength during the Re-straining to 5% in Tension along 
the L, T and S-Directions (B) 
 
Figure 3.29A shows the summary results of the stress-strain curves for all the cold rolled 
materials loaded along the T-direction. The results show that the yield strength and the 
ultimate tensile strength increase with the level of cold work. The curves unloaded 
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predominantly elastically with small amount of recovery. The correlation between levels of 
prestrain and the yield strength measured after re-straining to 5% in tension along the three 
principal directions is shown in Figure 3.29B. The L and T-directions showed a 
consistently close tie with marginal difference in all the different levels of cold work. The 
yield strength values along the S direction, which represents a reverse (C-T) loading, were 
consistently lower than the values measured along L and T directions.  
 
The summary results of the tensile and compressive re-straining of 20% cold rolled sample 
are compared in Figure 3.30A. The yield strength of the material along the transverse 
direction was the same during the re-straining to 5% in tension and compression. However, 
the yield strength was relatively lower in the longitudinal and short-transverse samples 
when they were re-strained in the reverse direction. The behaviour of the material along 
the longitudinal and short-transverse direction was an indication of the Bauschinger effect. 
This was not the case in the transverse direction partly because there was little or no 
deformation of material along the transverse direction during the cold rolling.   
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Figure 3.30: Bar Chart Comparison of the Effect of Strain Path on the Yield Strength: 20% 
Cold Rolled and Re-strained in Tension and Compression (A) and ASS Prestrained to 10% 
by Different Cold Work Methods 
 
The difference between the tensile and compressive yield strengths in the 20%CW-L and 
20%CW-S samples were 260MPa and 280 MPa respectively. This is almost the same 
within the error margin of 10MPa. This suggests that Bauschinger effect occurs when the 
strain path is reversed and its magnitude is independent of whether tensile or compressive 
prestraining comes first or last but rather dependent on the amount of prestrain. The 
permanent softening in samples prestrained by cold rolling was measured from the 
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difference between the flow stresses along the longitudinal and short-transverse directions 
during the reload at the applied strain of 0.01. It was observed from the available results 
that the Bauschinger effect increases with the amount of prestrain (see Table 3.5). 
 
Table 3.5: Summary Results of the Mechanical Test 
Prestrain Yield Strength-Rp0.2% (Mpa)  
Method Cold work level L   T  S  
Permanent 
Softening  
(σL- σS 
@ε=0.01) 
An + 10%T 290    
An + 10%C 280    
An + 10%T + 5%T 480     20 
Uniaxial Loading 
An + 10%C + 5%T  250    110 
5%CW + 5%T 370 380 330 0 
10%CW + 5%T  540 540 400 50 
20%CW + 5%T 720 700 500 130 
40%CW + 5%T 920 960 680 n/a 
5%CW + 5%C   420  
10%CW + 5%C    620  
20%CW + 5%C 460 700 780 160 
Cold Rolling 
40%CW + 5%C   1020  
 
The effect of the prestrain method was obvious from the results of the sample prestrained 
to 10% by uniaxial deformation and cold rolling in Figure 3.30B (see also Table 3.5). It 
was understood from the results, that magnitude of Bauschinger effect was relatively 
higher in the sample prestrained by uniaxial deformation than the cold rolling. Prestraining 
by cold rolling gave rise to slightly higher yield strength of 540MPa than the sample 
prestrained by uniaxial tension which have yield strength of 520MPa, following reloading 
to 5% tensile strain along the L-direction. In Compression-tension load cycle, sample 
prestrained to 10% by cold rolling had yield strength of 400MPa following tensile re-
straining along S direction. Whilst the yield strength of 250MPa was measured in sample 
prestrained to 10% by uniaxial compression and subsequently re-strained to 5% in tension. 
The reason for the 150MPa difference may be related to the possible activation of new slip 
system during the re-straining of cold rolled sample by uniaxial deformation in reverse 
direction. 
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iii. Effects of Cold Rolling and Strain Path on Lattice Strain Development 
a. Intergranular Strain Measurement from Peak Shift during In-Situ Load Cycles in 
Cold Rolled Samples 
The in-situ strain was measured in cold rolled samples from the peak shift between the 
lattice spacings measured during the in-situ loading and the do obtained from the annealed 
sample. The applied stresses from the Engin-X stress rig are plotted against the lattice 
strain. The accommodation of the residual strain from the cold rolling into the in-situ 
loading test explains the reason why the lattice strain did not start from the origin. 
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1. 5% Cold Work 
The results of the lattice strain evolution during the in-situ loading of the 5% cold rolled 
material to 5% tensile strain along the L, T and S directions are shown in Figure 3.31. The 
lattice strain response in the cold rolled samples was rather similar to the response 
observed in the annealed condition. The in-situ loading to 5% tensile strain (bulk) 
generated tensile elastic lattice strain along the loading axis and compressive elastic lattice 
strain perpendicular to the loading axis. However, only the data from the loading axis are 
shown in the results.  
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Figure 3.31: In-Situ Lattice Strain Measurement in 5%Cold Worked Sample Reloaded to 
5%Tensile Strain along L, T and S Directions 
 
Generally, the microstrain in each of the four peaks considered and the difference between 
the two extremes increases with the applied stress. Along the loading axis, the 220 and the 
200 peaks have consistently remained to be the stiffest and the most compliant 
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respectively. The maximum and the minimum elastic lattice strain were measured from the 
200 and 220 peaks respectively. The elastic strain difference, ∆ε between the maximum 
and the minimum lattice strain value for the 5%CW along the L, T and S direction at the 
maximum applied stresses were 2446µε, 2480µε and 2592µε respectively. The detail 
results are contained in the Table 3.6. 
2. 10% Cold Work 
The results of the in-situ loading tests carried out on the material prestrained to 10% 
reduction are shown in Figure 3.32. The lattice strain response to the applied stress is 
consistent with the 5%CW results. The differences in elastic strain increase with applied 
stress. The elastic lattice strain difference, ∆ε along the L, T and S direction at the 
maximum applied stress were 3259µε, 3423µε and 3388µε respectively.  The details results 
of the lattice strain are contained in Table 3.6. 
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Figure 3.32: In-Situ Lattice Strain Measurement in 10% Cold Worked Sample Reloaded to 
5%Tensile Strain along L, T and S Directions 
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3. 20% Cold Work 
The results of the in-situ loading tests carried out on the material prestrained to 20% 
reduction are shown in Figure 3.33. The detailed results of the elastic lattice response are 
contained in Table 3.6. The test sample fabricated from the S-direction failed during the in-
situ loading at the bulk strain of 3%. The elastic lattice strain difference, ∆ε along the L, T 
and S direction at the maximum applied stress were 4310µε, 4335µε and 3696µε 
respectively. The low strain difference observed along the S-direction (see the highlighted 
data in Table 3.6) may have been affected by the sample failure. The strain data obtained 
during the failure was not included in the summary results shown in Figure 3.35 to avoid 
ambiguity. 
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Figure 3.33: In-Situ Lattice Strain Measurement in 20% Cold Worked Sample Reloaded to 
5%Tensile Strain along L, T and S Directions 
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4. 40% Cold Work 
The results of the in-situ loading tests carried out on the material prestrained to 40% 
reduction are shown in Figure 3.34. Failure of universal adaptor occurred during the 
40%CW (L-S) sample test. Failure also occurred at the welded joint of the 40%CW 
samples fabricated from along the S direction. The lattice strain data of the failed samples 
are highlighted in the Table 3.6. The measured elastic lattice strain difference, ∆ε along the 
L, T and S directions were 3306µε, 4071µε and 2400µε respectively. Only the in-situ 
loading test along the T-direction was completed. The strain data obtained from the test 
along the S-direction was not included in the summary results shown in Figure 3.35 to 
avoid ambiguity. 
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Figure 3.34: In-Situ Lattice Strain Measurement in 40% Cold Worked Sample Reloaded to 
5%Tensile Strain along L, T and S Directions 
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Table 3.6: Summary Results of the In-Situ Loading Test 
Lattice Strain (microstrain) ∆ε 
Cold Work 
 (%) 
Max. True Stress  
(MPa) 
Bulk Strain 
(%) 111 200 220 311 (εmax-εmin) Error 
Annealed Uniaxial Load Cycle  
An +10%T 478 10 2085 4244 1405 2308 2838 53 
An + 10%C 542 10 -1497 -3804 -2248 -3001 2307 89 
  
     
 
 
An +10%T 0 
 -299 601 -480 74 1081 73 
An +10%C 0 
 231 -317 276 -65 593 64 
  
     
 
 
An +10%T + 5%T 563 5 2311 4989 1547 2835 3443 98 
An +10%C + 5%T 552 5 2003 3704 1791 2262 1913 58 
Cold Rolled Samples Reloaded along the Longitudinal Direction 
5 430 5 1911 3804 1358 2087 2446 69 
10 570 5 2340 4995 1736 2816 3259 100 
20 752 5 2812 6581 2271 3721 4310 169 
40 892 0.8 3463 6837 3531 4127 3306 135 
Cold Rolled Samples Reloaded along the Transverse Direction 
5 437 5 1926 3798 1319 2161 2480 57 
10 570 5 2335 5151 1728 2908 3423 77 
20 751 5 2769 6654 2318 3961 4335 103 
40 1014 5 3526 8012 3940 5521 4071 165 
Cold Rolled Samples Reloaded along the Short-Transverse Direction 
5 432 5 1844 3793 1201 2077 2592 51 
10 560 5 2326 5140 1752 3019 3388 66 
20 693 3 2644 5707 2011 3592 3696 79 
40 610 0.45 2152 4789 2389 2835 2400 159 
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Figure 3.35: Effect of Prestrain and Strain Path on Lattice Strain Evolution during In-Situ 
Loading: Change in Strain, ∆ε vs. Cold Work (A) and Change in Strain, ∆ε vs. Maximum 
Applied Stress (B) 
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The strain difference at the maximum applied stress which corresponds to the 5% tensile 
strain was measured and correlated with the levels of prestrain. The correlation between 
the prestrain levels (cold work) and strain paths on the evolution of elastic lattice strain are 
shown in Figure 3.35. Generally, the lattice strain difference, ∆ε during the in-situ loading 
was less dependent on the strain path than the level of prestrain. The elastic lattice strain 
difference, ∆ε increased with the level of prestrain and reached saturation in the sample 
prestrained to 20% reduction. The largest strain difference following the in-situ loading to 
5% tensile strain occurred in the material prestrained to 20% reduction. 
 
b. Peak Broadening and Assessment of Intragranular Strain in Cold Rolled Samples 
during the In-situ load Cycles 
The plots of Voigt peak width, FWHM against the bulk strain during the 5% tensile re-
straining of the cold rolled materials along the 3 orthogonal directions are shown in Figure 
3.36A-C. The 311 peak was the only peak considered in these results since it response is 
often considered the most representative of the bulk material for ASS [84]. In all the 3 
directions, the peak broadening increased with the level of prestrain. Generally, the peak 
widths also increase with the bulk strain along the L, T and indeed, along the S direction 
which closely simulate the C-T loading cycle. The peak broadening predominately 
occurred in the plastic region.  
 
The data for the 20%CW and 40%CW were not completed due to the sample and grip 
failure respectively. However, from the completed results of 10%CW along the 3 
directions, it was observed, that the peak broadening began almost immediately along the 
L direction which simulated the T-T strain path and continue to increase with stress (see 
Figure 3.36D). This is not unexpected since more dislocations are generated during the re-
straining in the forward direction. The peak width remained almost unchanged along the T 
and S directions until yielding began. Again, the reason for this behaviour may be 
understood from the fact that, little or no deformation did occur along the transverse 
direction during the cold rolling. While in the case of short-transverse sample, the reverse 
loading is preceded by a significant amount of elastic unloading and recovery. This may 
explain the reason why the peak width remained unchanged before the yield point. The 
earliest surge in the peak broadening occurred in material loaded along the S direction 
probably due to early plasticity.     
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Figure 3.36: 311 Peak Broadening in Cold Rolled Samples during the In-Situ Loading to 5% 
Tensile Strain along the L, T and S Directions (A-C) and Plot of Stress Vs FWHM for 10%CW 
(D) 
 
The correlation between the prestraining by uniaxial compression and cold rolling in C-T 
load cycle was also studied by comparing their respective plot of FWHM against the bulk 
strain during the reverse loading to 5% tensile strain (Figure 3.37). The peak width 
continued to increase with strain in material prestrained by cold rolling. In contrast, there 
was neither increase nor decrease in the peak width of the material prestrained by uniaxial 
compression. These results are consistent with higher yield strength observed in the cold 
rolled sample than the uniaxially deformed sample in Figure 3.30B. The reason for the 
observed increase in the peak width of the cold rolled samples is not fully understood. 
However, since the initial prestraining which was plane strain compression was followed 
by uniaxial tension, it may be suggested that the continous increase in the peak width 
observed in sample prestrained by cold rolling was propably due to the activation of new 
B A 
D C 
Error Bar - 
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slip systems. This drastically reduces the chances of dislocation annihilation and recovery 
from occurring unlike the sample prestrained by uniaxial deformation.  
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Figure 3.37: Plots of Peak Broadening against Bulk Strain Showing the Correlation between 
the Prestraining by: Uniaxial Compression (A) and Cold Rolling (B) 
 
3.4.4 Summary 
The effects of cold work and strain paths on the mechanical properties of cold worked 
austenitic stainless steels were investigated. And, the main objective was to assess the 
effects of prestrain, at different level of cold works, and strain paths along the different 
directions on the mechanical properties and internal strains evolution during in-situ 
loading. Some of the techniques used to achieve this objective included neutron diffraction, 
mechanical testing and Vickers hardness measurement.  
 
The results of this study showed that the hardness values and the yield strength of the 
material increased with the level of cold work. The result of mechanical testing showed 
that the Bauschinger effect occurs when the strain path is reversed and its magnitude is 
independent on whether tensile or compressive prestraining comes first or last but rather on 
the amount of prestrain. The assessment of the peak broadening during in-situ loading 
showed that the peak width increased with the prestrain and the applied strain. This 
suggests that intragranular strain was an important contributing factor to the Bauschinger 
effect. It was also understood from the study that the magnitude of the Bauschinger effect 
B A 
Error Bar - 
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was relatively higher in the material prestrained by uniaxial deformation than those 
prestrained by cold rolling.  
 
The neutron diffraction test results showed that the lattice strain difference between the 
maximum and minimum strain values during the re-straining to 5% tensile strain in-situ 
along the 3 principal directions increased consistently with the applied stress. Following 
the in-situ loading of the cold rolled materials to 5% tensile strain, the largest strain 
difference occurred in the material prestrained to 20% reduction.  
 
3.5 Effects of Prestrain Levels and Strain Paths on the 
Mechanical Failure of Cold Rolled Austenitic Stainless 
Steels at Ambient Temperature 
  
3.5.1 Introduction  
The performance of the material in service can be influenced by the type and amount of 
previous plastic deformation or strain history (prestrain) [15]. The effects of prestrain have 
been extensively studied [5, 15,20], and the common observation was that materials with 
compressive prestrain tend to show greater susceptibility to failure during subsequent 
tensile application.  
 
Raquet et al. [5] carried out a CERT in a high temperature water environment, on 
austenitic stainless steel, 304L prestrained by bending into a V-hump shape. They reported 
evidence of crack initiation and propagation (predominantly intergranular) in the 
compressive region of the V-hump. Enami [20] also reported that loss of ductility and 
evidence of cleavage failure were found in compressively prestrained pearlitic steel which 
was later tested to failure in tension at room temperature. It was further suggested that 
ductile failure may occur if the compressive prestraining is sufficiently large. A similar 
observation was reported by the Raquet et al. [5] and Kaneshima [90] where a V-hump 
made from heavily cross rolled plate (about 89% cold work) were tested under CERT test 
conditions in high temperature water. Surprisingly, there was no evidence of cracking 
found, rather full ductile failure characteristics were observed.  
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The objective of this test was to accesses the effect of prestrain and strain paths on the 
mechanical failure of austenitic stainless steels in annealed and 20% cold rolled conditions. 
This objective was achieved by using micro-tensile specimens extracted from the annealed 
and 20% cold rolled materials and tensile tested to failure. Scanning Electron Microscopy 
was also used for the characterisation of the fracture surfaces and cross-sections of the 
failed specimens.  
 
3.5.2 Experimental Procedures 
3.5.2.1 Mechanical Testing 
Mechanical testing was carried out on the annealed and 20% cold rolled materials using 
micro-tensile specimen. The micro-tensile specimens used for the test were machined from 
along the L, T and S directions of the materials (Figure 3.1). The sample names used 
comprised of the material condition and the directions from which they were machined 
from, for example AN-L and 20T samples are made from the longitudinal direction of 
annealed material and transverse direction of the 20% cold rolled material respectively. 
The samples were manufactured using Electrical Discharge Machining (EDM) to ensure 
dimensional accuracy because of the small size of the samples. The technique uses electric 
discharge (sparks) developed between the work piece and the tool electrode under intense 
electric field, to cut accurately through the work piece. The schematic diagram of the 
micro-tensile specimen and it dimensions are shown in Figure 3.38.   
 
Dimension (mm) 
A 9 
B 6 
C 6 
L 25 
R 2 
T 2 
 
 
 
 
 
 
 
 
W 2 
 
Figure 3.38: Schematic Diagram of Micro-Tensile Specimen  
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The stress-strain measurement was carried out on a 10kN Instron 5569 equipped with 
Bluehill software for testing and analysis of the result. The compliance of the machine was 
determined using presumed infinitely stiff material. The cross head speed used was 8 x 10-4 
mm/s (strain rate of 8.9 x 10-5 s-1) in line with ASTM standard E 8M-04 [89]. The 
specimen was loaded with wedge grips and uniaxially loaded to failure along the L, T and 
S directions. The strain was determined from the cross head extension as the sample was 
too small to accommodate an extensometer. The engineering strain was calculated as the 
ratio of the tensile extension and the gauge length of the sample. The yield strength (0.2% 
offset) and ultimate tensile strength for each of the tests were measured and compared with 
respect to the loading directions.   
 
3.5.2.2 Post-Mortem Scanning Electron Microscopy 
The Field Emission Gun Scanning Electron Microscope (FEGSEM), Philip XL30 and 
Zeiss EVO 60 Scanning Electron Microscope were both used for the fractographic and 
metallographic examination of the failed specimens. The fracture surface of the failed 
specimen was examined with both of the SEMs using the secondary electrons and 
Accelerating Voltage of 10 kV. After the examination of the fracture surface, the cross-
sectional views of the fracture samples were ground, electropolished and electrolytically 
etched with Oxalic acid. Cross-sectional views were studied with the SEM to assess the 
extent of the damage within the material after failure.   
 
3.5.3 Results  
3.5.3.1 Mechanical Testing 
The stress-strain plots for the micro-tensile specimens loaded along the longitudinal, 
transverse and short-transverse directions are shown in Figure 3.39 which comprises 3 
main regions. The first and foremost is the elastic region, where the applied stress is 
linearly proportional to the elastic strain. The elastic strain produced in this region is 
recoverable up to the elastic limit. The stress at which the linear proportionality ceases to 
occur represents the yield strength of material. The yield strength (0.2% offset) from the 
results of annealed material (see Figure 3.39A) was 290 MPa in all the 3 directions without 
any significant effect of directional anisotropy. The yield strength of the material cold 
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rolled to 20% (see Figure 3.39B) was significantly affected by the cold rolling and strain 
paths. The yield strengths of the 20% cold rolled material along the L, T and S directions 
were 730MPa, 700MPa and 500MPa respectively. The detailed results of annealed and 
20% cold rolled materials are contained in Table 3.7.  
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Figure 3.39: Stress-Strain for the Annealed (A) and 20% Cold Rolled (B) Austenitic Stainless 
Steels loaded along the Longitudinal, Transverse and Short-transverse Directions 
 
The second part of the plot is the plastic region where a uniform but non recoverable large 
strain is produced by small change in applied stress. During plastic deformation, the 
material strain hardened up to the Ultimate Tensile Strength, (UTS) which corresponds to 
the maximum applied load. The ultimate tensile stress in the annealed sample was about 
640MPa along the 3 directions without significant difference (Table 3.7). However, the 
20% cold rolled sample showed a remarkably different tensile strength with respect to the 
loading direction. The ultimate tensile strength measured in 20L, 20T and 20S samples 
were 800MPa, 780MPa and 660MPa respectively.  
 
The last part of the plot begins from the UTS to the failure strength. Immediately after the 
UTS, the deformation became localised and necking began where fracture eventually 
occurred. In the annealed material (Figure 3.39A), there was no significant difference in 
the behaviour of material in this region except that the ductility (percent elongation) of the 
AN-S was relatively lowered than the AN-L and AN-T samples (Table 3.7). Whilst, in the 
case of 20% cold rolled samples, the ductility in 20L sample was greater than the 20T and 
20S samples by about 10% (Table 3.7). Another significant effect of loading direction on 
20% cold rolled samples in this region was evident from the tangent on the curves beyond 
B A 
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the UTS in Figure 3.39B.  The materials loaded along the L and T direction showed a 
gradual failure as indicated by the gentle slope on the 20L and 20T curves. In contrast, the 
material loaded along the S direction showed a relatively rapid failure. This is evident from 
the steep slope on the 20S curve.  
 
Table 3.7: Summary Results of the Mechanical Failure Test 
Annealed 20% Cold Rolled 
Percent Change after Cold 
Rolling (%) Loading 
Direction 
Yield 
Strength 
(Rp0.2) 
(MPa) 
UTS 
(MPa) 
Ductility 
(%EL) 
Time 
to 
Failure 
(min.) 
Yield 
Strength 
(Rp0.2) 
(MPa) 
UTS 
(MPa) 
Ductility 
(%EL) 
Time 
to 
Failure 
(min.) Rp0.2↑ UTS↑ EL↓ TTF↓ 
Longitudinal 290 654 115 215 730 800 60 123 152 22 -48 -43 
Transverse 295 638 112 210 700 780 50 103 137 22 -55 -51 
Short-
Transverse 295 640 100 190 500 660 52 106 70 3 -48 -44 
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3.5.3.2 Post-Mortem Scanning Electron Microscopy 
The results of scanning electron microscopy for the 20% cold rolled specimen loaded 
along the longitudinal direction are shown in Figure 3.40. The fracture surfaces at different 
magnifications are shown in Figure 3.40A and B. Large concentration of voids which are 
predominantly localised at the centre were observed on the fracture surface of the 20L 
sample (Figure 3.40A). The higher magnification of the fracture surface showed evidence 
of round-like shaped voids. There was also evidence of void coalescence and secondary 
cracks along the longitudinal direction on the fracture surface (Figure 3.40B). The 
transverse and short-transverse planes which revealed the cross-sectional view of the 
fracture sample are shown in Figures 3.40C and 3.40D respectively. They showed the 
depths of the voids which are aligned along the longitudinal direction. 
 
   
   
Figure 3.40: SEM Micrographs of 20L: Fracture Surface (Longitudinal Plane) (A and B), 
Transverse Plane (C) and Short-Transverse Plane (D) 
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The fracture surface of the 20% cold rolled sample loaded along the transverse direction is 
shown in Figure 3.41A and B. The voids are also concentrated at the centre but the shapes 
of the voids were not round but rather ellipsoidal slightly elongated along the longitudinal 
direction (Figure 3.41B). The longitudinal plane of the fracture sample contained high 
density of voids, which are slightly elongated along the transverse direction which was the 
loading direction (Figure 3.41C). The short-transverse plane (Figure 3.41D) contained 
fewer elongated voids. The shape of the voids on the short-transverse plane suggests that 
the voids were indeed oriented along the L-direction, but were actually stretched along the 
loading direction, in this case, along the T direction.  
 
   
   
Figure 3.41: SEM Micrographs of 20T: Fracture Surface (Transverse Plane) (A and B), 
Longitudinal Plane (C) and Short-Transverse Plane (D) 
 
The fracture surface of the 20% cold rolled sample loaded along the short–transverse 
direction is shown in Figure 3.42 (A & B) with obviously different features. There was 
significant evidence of brittle failure characterised by the presence of cleavage. The 
average widths of the cleavage were about 10µm and are oriented along the longitudinal 
direction. There were however limited numbers of the voids present on the fracture 
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surface. The cross-sectional views of the fracture surface are shown in Figure 3.42 (C & 
D). The transverse plane of the 20S sample showed the side views of the voids which ran 
parallel to the longitudinal direction. There were also evidences of weakened grain 
boundaries and intergranular decohesion on both transverse and longitudinal planes (Figure 
3.42C & D respectively) along the paths perpendicular to the loading direction (S-
direction). The longitudinal plane also showed fewer number of voids which are slightly 
elongated along the loading direction.  
 
   
   
Figure 3.42: SEM Micrographs of 20S: Fracture Surface (Short-transverse Plane) (A and B), 
Transverse Plane (C) and Longitudinal Plane (D) 
 
3.5.4 Summary  
This study was carried out to assess the effect of cold work and strain path on the 
mechanical failure of austenitic stainless steels in the annealed and cold rolled conditions. 
The technique used for the assessment was mechanical testing for tensile loading to failure 
along the 3 orthogonal directions. Post-mortem characterisation of the failed samples was 
done using the scanning electron microscope. The results showed that, the yield strength 
L 
T 
L 
T 
S 
L 
S 
T 
C D 
A B 
  
 
150 
and the ultimate tensile strength of the cold rolled material were relatively lowered along 
the short-transverse compared with the transverse and longitudinal directions. The yield 
strength of material cold rolled to 20% reduction increased relative to the annealed 
material along the longitudinal, transverse and short transverse direction by approximately 
150%, 140% and 70% respectively.  
 
The increase in the yield strength occurred at the expense of ductility which decreased by 
about 50% in all directions. It also emerged from the test that material loaded along the 
longitudinal and transverse directions showed a gradual failure while that loaded along the 
short-transverse direction exhibited a rapid failure immediately after the ultimate tensile 
strength of the material.  The results of scanning electron microscopy suggested that 
materials loaded along the transverse and longitudinal direction failed with the 
characteristic features of pure ductile failure while the specimen loaded along short-
transverse direction showed mixed features of the ductile and brittle failure. 
 
In the subsequent section of the report, an electrochemical study is described. The study 
was carried out on the cold rolled materials to assess the effects cold work levels and 
sample orientation on the electrochemical behaviour of austenitic stainless steels. This 
study was a prelude to stress corrosion cracking tests which integrated all the prerequisite 
conditions required for stress corrosion cracking to occur.   
 
3.6 Effects of Cold Work Levels and Sample Orientations on 
Electrochemical Behaviour of Austenitic Stainless Steels  
 
3.6.1 Introduction 
Austenitic stainless steels are widely used in engineering applications because of their 
good corrosion resistance and mechanical properties [73].  Cold work may be carried out 
on ASS for the purpose of improving the mechanical properties, the surface finish and 
through thickness reduction. Cold work causes significant changes to the geometry and 
orientation of the grains with respect to the deformation direction. Similarly, the difference 
in the levels of cold work and strain heterogeneity that may exist in materials subjected to 
cold work may also cause electrochemical potential difference across the material. It is 
known that electrochemical potential exists between neighbouring grains and the grain 
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boundaries which are considered as regions of higher energy. Hence the grain boundaries 
are more active than the grain matrix [58].  
 
The objective of this test was to assess how cold work levels and sample orientations affect 
the electrochemical behaviour of the ASS in a corrosive environment. This assessment was 
done through the use of Open circuit potential and Potentiodynamic polarisation 
measurement techniques. Optical microscopy was used on the representative samples for 
the assessment of the extent of corrosion after the polarisation test. 
 
3.6.2 Experimental Procedures 
The samples used for the test were sectioned parallel to the three orthogonal planes (blue, 
red and green) of the cold rolled plates (Figure 3.1).  The naming convention used for the 
samples in this test includes: AN-L, 5-T. The first part of the name before the hyphen 
represents the material treatment conditions which include: Annealed, 5%CW, 10%CW, 
20%CW and 40%CW and the letter indicates sample plane, namely: L, T and S planes on 
which test was carried out.  
 
The rear end of the test sample was spot welded to 0.5mm diameter copper wire of about 
300mm long for the purpose of electrical contact. The copper wire was insulated with 
plastic pipe and the assembly was mounted with epoxy resin. This was done to ensure the 
rear end of the sample and the copper wire are leak proof and electrically insulated from 
the electrolyte. Wet metallographic grinding of the sample was done with increasingly fine 
SiC papers in order of 400; 600; 800; 1200 and 4000 grits. The sample was rinsed and kept 
in de-ionised water shortly before it was assembled in the electrochemical cell. The 
electrochemical cell was set up following the procedures in the ASTM Standards G5-94 
[91]. The sample surface area was initially measured and recorded for the calculation of 
the current density.  
 
The electrolyte used for the tests was 1M Sulphuric acid (H2SO4) solution which is often 
used as a standard benchmark. The electrochemical cell setup included the Working 
Electrode (WE) and the Counter Electrode (CE) which were connected to the sample and 
platinum inert electrode respectively. The Saturated Calomel Electrode (SCE) used as 
Reference Electrode (RE) was connected to the luggin probe through the salt bridge filled 
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with the electrolyte solution. The luggin probe was kept at a distance not more than 2mm 
to the WE to minimise Ohmic IR drop [92].  The cell was temporarily closed and then de-
aerated with nitrogen gas bubbling for 30minutes before the test started. The test was 
carried out at the temperature of 30°C. 
 
The measuring instrument used for the test was EG & G Princeton Research VersaStat. 
The Potentiostat/Galvanostat has the capability of measuring electrode potential and 
current. The Open Circuit Potential (OCP) was measured over the time scale of 3300 
seconds. Subsequently, the Potentiodynamic Polarisation measurement was also carried 
out at the scan rate of 1mV/s over the potential range of -0.5V to 0.25V. The software used 
for data acquisition and analysis were CorrWare and CorrView respectively.   
 
3.6.3 Results 
The result of the open circuit potential is shown as a plot of electrode potential vs. SCE 
against time. This was done to allow the ranking of the samples tested in order of their 
nobility. The key information from the polarisation tests include the anodic peak current 
density which corresponds to the primary passivation potential [72]. The Polarisation test 
result is shown as a plot of electrode potential vs. SCE against the corrosion current 
density. The results of the test are categorised into two namely: effects of sample 
orientations and effects of cold work levels on the electrochemical behaviour of austenitic 
stainless steels. 
 
3.6.3.1 Effects of Sample Orientations on Electrochemical Behaviour  
The results of the OCP and Polarisation measurement in each of the material conditions 
were compared to assess the possible effects of sample orientation (perhaps due to texture). 
The results of the tests are shown in order of their increasing level of cold work. 
 
i. Open Circuit Potential and Potentiodynamic Polarisation Tests for Annealed 
Sample 
The results of the OCP for the annealed samples are shown in Figure 3.43A. The OCP 
showed the order of nobility of the three planes on which tests were carried out. The 
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electrode potentials of AN-S and AN-T were not distinguishable as they have very close 
values of -0.321V and -0.319V respectively. However, AN-L showed a relatively lower 
electrode potential of -0.34V. These results suggest that AN-L appeared to be less noble 
than the AN-S and AN-T. 
 
Open Circuit Potential Test
-0.400
-0.375
-0.350
-0.325
-0.300
-0.275
-0.250
0 500 1000 1500 2000 2500 3000 3500
Time (s)
Po
te
n
tia
l (V
-
SC
E)
304L-AN-L-H2SO4-OCPr1
304L-AN-T-H2SO4-OCPr1
304L-AN-S-H2SO4-OCPr1
Potentiodynamic Polarisation Test
-0.50
-0.25
0.00
0.25
0.50
1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02
Current Density (A/cm2)
Po
te
n
tia
l (V
 
v
s.
 
SC
E)
304L-AN-L-H2SO4-TestR1
304L-AN-T-H2SO4-TestR1
304L-AN-S-H2SO4-TestR1
 
Figure 3.43: Open Circuit Potential (A) and Potentiodynamic Polarisation (B) curves for 
Annealed 
 
Figure 3.43B showed the results of the Polarisation test for the annealed samples. The 
anodic dissolution peaks of the three planes did not show any significant difference with 
respect to their primary passivation potentials. However, the AN-L showed a slight 
increase in anodic dissolution peak current than the AN-T and AN-S. It was observed from 
the result of the AN-L that the cathodic current was relatively lower than the AN-T and 
AN-S. This may have occured due to reduction of oxygen remnant after purging or due to 
air leakage into the electrochemical cell.   
 
ii. Open Circuit Potential and Potentiodynamic Polarisation Tests for 5% CW 
The results of the 5%CW sample are shown in Figure 3.44. The OCP results in Figure 
3.44A showed that 5-S had the highest value of electrode potential followed by the 5-T 
while 5-L had the least with the values of -0.309V, -0.323V and -0.332V respectively. The 
suggested order of their nobility on the basis of their electrode potential was 5-S > 5-T > 5-
L. 
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The results of the Polarisation tests for the 5%CW samples is shown in Figure 3.44B. The 
results also showed 5-S as the most noble of the three. However, the order of nobility was 
inconclusive for 5-T and 5-L as they both tied at the anodic dissolution peak. 
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Figure 3.44: Open Circuit Potential (A) and Potentiodynamic Polarisation (B) curves for 
5%CW 
iii. Open Circuit Potential and Potentiodynamic Polarisation Tests for 10% CW 
The results of the OCP for the 10%CW sample are shown in Figure 3.45A. The results are 
consistent with the trends of 5%CW. The 10-S had the highest electrode potential and 10-L 
was the least noble of all the three. The electrode potential for the 10-S, 10-T and 10-L 
were -0.306V, -0.312V and -0.335V respectively.  
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Figure 3.45: Open Circuit Potential (A) and Potentiodynamic Polarisation (B) curves for 
10%CW 
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iv. Open Circuit Potential and Potentiodynamic Polarisation Tests for 20%CW 
The results of the OCP for the 20%CW are shown in Figure 3.46A. The 20-S had the 
highest electrode potential followed by the 20-T and the 20-L maintained the least with the 
values of -0.318V, -0.370V and -0.397V respectively.  The order of nobility was 20-S > 
20-T > 20-L which is consistent with the earlier results. However, contrary to the OCP and 
the earlier results shown, the Polarisation test for the 20%CW (Figure 3.46B) showed a 
different order of nobility. The 20-S still appeared to be the most noble whilst, 20-T 
appeared to be the least noble of the three with marginal differences.  
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Figure 3.46: Open Circuit Potential (A) and Potentiodynamic Polarisation (B) curves for 
20%CW 
 
v. Open Circuit Potential and Potentiodynamic Polarisation Tests for 40%Cold 
Work Sample 
The results of the OCP and Polarisation tests for 40%CW are shown in Figure 3.47. The 
electrode potentials for the 40-S, 40-T and 40-L were -0.309V, -0.328V and -0.341V 
respectively (Figure 3.47A). The order of nobility was 40-S > 40-T > 40-L which is 
consistent with the earlier results. Similarly, from the Figure 3.47B, the Polarisation tests 
results also showed that the 40-S was the most noble while the 40-L was the least noble of 
the three samples. The anodic dissolution peaks currents measured on the three orientations 
showed significant differences. The order of nobility observed in the polarisation 
measurement was consistent with that observed in the OCP results.  
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Figure 3.47: Open Circuit Potential (A) and Potentiodynamic Polarisation (B) curves for 
40%CW 
 
3.6.3.2 Effects of Cold Work Levels on Electrochemical Behaviour  
The effects of cold work levels were also investigated by comparing the results of the 
different levels of cold work including the annealed samples along similar orientations. All 
the electrode potential data obtained from the OCP results of all the material conditions are 
contained in the Table 3.8. The effects of the cold work levels on the electrochemical 
properties of the materials along the three orthogonal directions are as follows: 
 
i. Effect of Cold Work levels along the Longitudinal Direction 
The results of the OCP and Polarisation tests for all the material conditions on the 
longitudinal planes are shown in Figures 3.48A and 3.48B respectively. From the OCP 
results in Figure 3.48A, 5-L had the highest electrode potential amongst all the test 
samples. The results showed that 20-L had the lowest electrode potential with significant 
difference in comparison to other material along the same orientation including the 40-L. 
The order of nobility for all the material conditions was 5-L > 10-L > AN-L > 40-L > 20-
L. The results of the Polarisation tests for all the material conditions is shown in Figure 
3.48B. The order of nobility of the cold worked samples based on the anodic peak currents 
density was 5-L > 10-L > AN-L > 20-L > 40-L.  
 
B A 
  
 
157 
Open Circuit Potential Test
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Figure 3.48: Open Circuit Potential (A) and Potentiodynamic Polarisation (B) curves for all 
the Material Conditions on Longitudinal Planes 
 
ii. Effect of Cold Work Levels along the Transverse Direction 
The effect of cold work levels on the electrochemical properties of the material on the 
transverse planes is shown in Figure 3.49. The order of nobility from the OCP results 
(Figure 3.49A) was less obvious compared to anodic polarisation scan. From the OCP, the 
electrode potential for the AN-T and 10-T were top on the list and were considered to be 
the most noble while the 20-T was ranked the lowest on the list. The increasing order of 
nobility from the results of the OCP was: AN-T = 10-T > 5-T > 40-T > 20-T. 
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Figure 3.49: Open Circuit Potential (A) and Potentiodynamic Polarisation (B) curves for all 
the Material Conditions on the Transverse Planes 
 
In contrast to the OCP results, the order of nobility from the Polarisation tests results 
(Figure 3.49B) was more obvious. The 5-T and AN-T appeared to be quite close and were 
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considered the most noble followed by the 10-T and then 40-T. The 20-T had the highest 
primary passivation current density and was considered the least noble of all the test 
samples. The order of nobility from the anodic polarisation test was 5-T > AN-T > 10-T > 
40-T > 20-T. 
 
iii. Effect of Cold Work Levels along the Short-Transverse Direction 
The effect of cold work levels on the electrochemical properties of the material on the 
short-transverse planes are shown in Figure 3.50. The results of the OCP are showed in 
Figure 3.50A. The electrode potential for all the material conditions appeared close to each 
other with marginal differences. However, a closer look at the data revealed the order of 
nobility as thus: 10-S > 40-S > AN-S > 5-S > 20-S. The results of the Polarisation tests for 
all the material conditions are shown in Figure 3.50B.  The order of nobility from the 
Polarisation tests results was 10-S > 5-S > 40-S > AN-S > 20-S. The 10-S was considered 
the most noble while the 20-S appeared to be the least noble.  
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Figure 3.50: Open Circuit Potential (A) and Potentiodynamic Polarisation (B) curves for all 
the Material Conditions on the Short-transverse Planes 
 
The summary results of the assessment of the effect of cold work level and specimen 
orientation on the electrochemical behaviour of ASS are shown in the Figure 3.51 and 
Table 3.8. The open circuit potentials and corrosion current density were plotted against 
cold work levels in Figure 3.51A & B respectively. From the results of the OCP, the 
longitudinal planes consistently showed lower nobility while the short-transverse planes 
were observed to be the most noble in all the material conditions. The material cold rolled 
to 20% reduction consistently showed the least nobility on all the three orthogonal planes.  
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Table 3.8: Summary Results of Electrochemical Tests 
Cold Work 
(%) 
OCP 
(mV) 
Primary Passivation Potential, EPP 
(mV) 
Anodic Peak Current, Ipp 
µA/cm2 
L-Direction 
0 -340 -245 160.48 
5 -332 -285 90.698 
10 -335 -260 156.46 
20 -358 -299 230 
40 -341 -276 238 
 
T-Direction 
0 -319 -250.5 93.75 
5 -323 -280 93.1 
10 -319 -228 135 
20 -354 -271 280 
40 -328 -260 147 
 
S-Direction 
0 -313 -281.75 94.615 
5 -318 -265 65.0 
10 -305 -278 49.624 
20 -350 -260 218.8 
40 -309 -221 65.5 
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Figure 3.51: Plot of Open Circuit Potential (A) and Anodic Peak Current (B) against Cold 
Work 
 
The results of the anodic peak current density is consistent with the open circuit potential 
with the exception of the longitudinal plane samples, specifically the 20-L (Figure 3.51B). 
On the transverse and short-transverse planes, the anodic peak current density increased 
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with level of cold work and reaches the highest at the 20%CW. This suggests that material 
cold rolled to 20% reduction was the least noble.   
 
The optical micrographs of the 5%CW and 40%CW samples taken after the anodic 
polarisation tests are shown in the Figure 3.52A-C and D-F respectively. Figure 3.52 
showed evidence of corrosion at the austenite-ferrite interface and at the deformation bands 
along the longitudinal direction (Figure 3.52 E and F) in the heavily cold rolled material. 
 
 
Figure 3.52: Optical Micrographs of the L, T and S Planes for: 5%CW (A-C) and 40%CW (D-F) 
 
3.6.4 Summary  
This study was carried out to investigate the effect of cold work levels and specimen 
orientations on the electrochemical behaviour of austenitic stainless steels. The open circuit 
potential and anodic peak current from the Potentiodynamic polarisation scan were 
measured in an electrolyte solution of 1M Sulphuric acid at temperature of 30°C and at the 
scan rate of 1mV/s. The results obtained were used to rank the cold worked samples in 
order of nobility. Optical microscopy was carried out to assess the extent of corrosion on 
samples surface after the polarisation scan.  
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The results of the test showed that the electrochemical property of the cold worked 
austenitic stainless steels was more affected by the sample orientation than the cold work 
levels. Generally, the short-transverse plane was observed to be the most noble while the 
longitudinal plane was the least noble. The correlation of the open circuit potential and the 
anodic peak current with the cold work levels showed that the material cold rolled to 20% 
reduction was consistently the least noble of all the cold rolled sample tested. Optical 
microscopy showed evidence of corrosion at the austenite-ferrite interface and at the 
deformation bands in the heavily cold rolled material.  
 
Assessment of the effect of prestrain levels on stress corrosion cracking of austenitic 
stainless steel was the last experiment carried out, and this is contained in the subsequent 
section of the report.  The test was an integration of all the prerequisite conditions required 
for stress corrosion cracking to occur namely: applied stress through the use of slow strain 
rate test technique, susceptible material through the use of cold rolled materials and the test 
was carried out in Sodium Chloride which represents the corrosive environment. 
 
3.7 Effects of Prestrain Levels on Stress Corrosion Cracking of 
Austenitic Stainless Steels in a Potentiostatically 
Controlled Chloride Environment at Ambient Temperature 
 
3.7.1 Introduction  
Chloride stress corrosion cracking is a localised corrosion which develops from the 
synergistic effect of tensile stress on a susceptible material in a chloride environment. The 
complete absence of any of the above three factors may prevent SCC from occurring. And, 
the modification or change in any of them could also affect the stress corrosion cracking 
susceptibility of the material. Chloride stress corrosion cracking can be affected by a 
number of environmental parameters. The crack growth rate increases with rise in 
temperature and under the immersion condition, chloride SCC is enhanced by the increase 
in the chloride concentration, presence of oxygen and decrease in pH [9].  
 
The SCC susceptibility of non sensitised ASS at ambient temperature below 60°C in near-
neutral chloride environment has been previously ruled out [8]. It is now known that, 
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chloride SCC may occur at ambient temperature if severe test conditions such as in Slow 
Strain Rate Tests (SSRT) and U-bend tests are used. Gosh et al. [43] reported the 
observation of transgranular cracking in U-bend tests carried out on annealed, machined 
and 10% cold worked, 304L samples tested in 1M HCl at room temperature. In their 
report, they suggested that, without the application of potential, chloride SCC of ASS at 
ambient temperature may occur if the chloride concentration and pH range of 0.5 to 5M 
and -0.5 to 0.5 respectively are used. They observed evidence of SCC susceptibility in the 
form of the short cracks localised in highly deformed near surface of the machined sample, 
whilst long range cracks were observed in cold rolled material with accelerated 
propagation along the slip bands.   
 
The cold work causes metallurgical changes that can affect the SCC susceptibility of 
material. Much of the research effort has been focused on the SCC susceptibility of cold 
rolled ASS in high temperature water environment and the intergranular cracking 
susceptibility  observed has been largely attributed to the degree of cold work [3,93]. The 
high temperature SCC studies by Tice et al. [16] showed that crack propagation in the cold 
rolled material can be influenced by directional anisotropy. The results of their studies (see 
Figure  1.1) showed that the rolling direction appeared to be the most susceptible, while the 
short-transverse direction was observed to be the least susceptible to crack propagation in a 
high temperature pressurised water reactor environment.  Another factor that may affect 
the SCC susceptibility is the strain rate applied. It has been shown [94] that the number of 
cracks during SCC increases with strain rate. The objective of this study was to assess the 
effect of prestrain levels in cold rolled austenitic stainless steels on the susceptibility to 
stress corrosion cracking susceptibility in potentiostatically controlled chloride 
environment at ambient temperature using a slow strain rate testing technique. 
 
3.7.2 Experimental Procedures 
3.7.2.1 Stress Corrosion Cracking using Slow Strain Rate Test Technique 
The slow strain rate test is a standard practice that uses axially loaded tension test 
specimens and fatigue pre-cracked specimens to investigate the resistance of materials to 
SCC. The slow strain rate test applies a dynamic slowly increasing strain on either: the 
gauge section of a smooth (without notch)  specimen, the notch of a uniaxial tension 
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specimen, or on the crack tip of fatigue pre-cracked specimen, for quick assessments of the 
resistance of materials to the SCC under various environmental conditions. The result of 
the SSRT may not necessarily represent the actual service performance, due to the 
accelerated nature of the test, but it does provide a basis for screening and comparative 
evaluation of the effects of metallurgical and environmental variables on the SCC 
susceptibility of material [95, 96]. 
 
The strain rate is applied through the application of a slow constant extension rate (usually 
in unit of extension per unit time). For a smooth specimen, the strain rate is given in unit of 
extension divided by the gauge length per unit time.  The slow constant extension rate 
produces a gauge section strain rate which is usually in the range from 10-4 to 10-7 s-1. The 
choice of the strain rate for SCC must reflect the balance between the need for the 
corrosion process and failure within a reasonable time. The average or local strain rate 
should be slow enough to allow time for the corrosion process to occur, but must be 
equally fast enough to produce failure or cracking of the specimen in a reasonable period 
of time for evaluation purposes. However, an interrupted test may be used in cases, where 
extremely slow strain rates in the range from 10-7 to 10-8s-1 are required for a smooth 
tension specimen. This allows the specimen to be tested at the required strain rate up to the 
plastic region, beyond which a higher strain rate may be applied to accelerate the test to 
failure [96].  
 
The slow strain rate test is a comparative evaluation test that requires tests to be carried out 
in at least two different environments. The SCC susceptibility of the material is generally 
assessed through the observation of the difference in the behaviour of the material in the 
SCC and control environments. Controlled environments are those that have been shown 
not to cause SCC of material. Typical examples of this include inert gases, dry air, silicon 
oil or vacuum [95, 96]. The SCC susceptibility indices, ISCC can be calculated from the 
results obtained from the SCC environment and the control environment for the following 
parameters: time to failure; the percent elongation; yield strength and the ultimate tensile 
strength according to the Equation 3.6. The index is an indication of the SCC susceptibility 
of the material. The susceptibility of material to SCC becomes higher with the indices [97]. 
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In some limited cases, SCC indications may not be found in smooth tension SSRT even 
when service failures have been observed. This may be caused by delay in the initiation of 
the localised corrosion process. The impressed current, potential or galvanic coupling may 
be applied to simulate the service condition or as may be required to accelerate or retard 
the SCC process. The strain prior to crack initiation can be determined by electrochemical 
monitoring of the specimen during testing. The electrochemical monitoring shows spikes 
(due to rapid increase in corrosion current of short duration followed by gradual decay) in 
corrosion current at a controlled potential or transients in potential under open-circuit 
conditions corresponding to crack initiation events. The average crack velocity may be 
estimated by measuring the SCC crack length in the gauge section of the tension specimen 
and by dividing this value by the time that elapsed from the crack initiation event until the 
failure of the specimen. This can only be an estimate of crack velocity since the stress is 
continuously changing and the final fracture is assumed to be very fast and neglected [96]. 
 
3.7.2.2 Slow Strain Rate Test in Potentiostatically Controlled Chloride 
Environment 
The slow strain rate test was carried out on the 100kN Instron 5500R and 8862 both of 
which are equipped with Bluehill software for test and analysis of result. The tensile 
specimens used were machined from the core of the plates along the longitudinal 
directions. A schematic diagram of the tensile specimen and it dimensions are shown in 
Figure 3.53. The sample names used comprised the material condition and the directions 
from which they were machined from, for example ANL and 20L samples are made from 
the longitudinal direction of annealed and 20% cold rolled materials respectively. The 
surface of the smooth tensile specimen was prepared by wet grinding and polishing with 
increasingly fine silicon carbide paper in order of 400, 600, 800 and 1200 grit sizes to 
remove the machine grooves.  The sample surface area to be exposed to the electrolyte was 
measured for the subsequent calculation of the corrosion current density. Prior to the tests, 
the sample was degreased by rinsing with acetone.   
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The stress corrosion cracking susceptibility of austenitic stainless steels in a chloride 
environment was investigated using the slow strain rate method. The slow strain rate test 
was carried out on both annealed and material cold rolled to 5%, 10%, 20% and 40% 
reductions. The stress corrosion cracking test was carried out in a solution containing 1M 
NaCl acidified to the pH of 1.5 with 0.1M HCl. The volume of the custom made SCC cell 
used for the test was 250ml (approximately 40ml/cm2 of the exposed gauge length area). 
The chloride environment was potentiostatically controlled with the aid of an ACM 
instruments Research Potentiostat. The Working Electrode was connected through a 
stainless steel wire spot welded to the test sample. The Auxiliary Electrode (AE) was 
connected to the cathode made from 1m Platinum wire wound round a plastic cylinder 
within the SCC cell. The Saturated Calomel Electrode was used as the Reference Electrode 
(RE).  
 
Preliminary testing was carried out on the annealed sample at three different potentials 
namely: -125mV, -100mV and -50mV with respect to the SCE, to study the SCC 
susceptibility of the material in different corrosion environments. The choice of applied 
potentials was made from the Potentiodynamic polarisation measurement carried out in the 
test solution. The result of the Potentiodynamic scan is shown in Figure 3.54. Two of the 
applied potentials (-100mV and -50mV) fall within the metastable pitting potential region, 
while -125mV corresponds to the passive potential that allows the material to maintain a 
protective corrosion resistance passive film.  The potential in the metastable pitting region 
was used to facilitate the initiation of SCC at the root of the corrosion pits. The test speed 
used for the preliminary test on the annealed material was 6.3 x 10-6 mm/s which is 
Dimensions (mm) 
 Tensile    
A 26 
B 20 
L 82 
R 8 
 
 
 
W 8 
Figure 3.53: Schematic Diagram of the Slow Strain Rate Test Specimen and Dimension 
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equivalent to the strain rate of 2.4 x 10-7 s-1. The test speed was too slow and was later 
doubled during the subsequent tests on the on the cold rolled materials. All the test speeds 
used during the SSRT tests are in line with the ASTM standard [96]. 
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Figure 3.54: Potentiodynamic Polarisation Measurement on 20%Cold Rolled ASS, Type 
304L, in Solution containing 1M NaCl + 0.1M HCl at Scan Rate of 0.1667mV/s in Aerated and 
Ambient Temperature Conditions 
 
The Potentiodynamic polarisation curves in Figure 3.54 showed that the material attained 
passivity at the applied potential of about -125mV. The test at the applied potential of -
125mV was done to assess the effect of prestrain on the SCC susceptibility of the cold 
rolled samples at the passive potential condition, considering the fact that SSRT is so 
severe to force the material to fail. Stress corrosion cracking is expected to occur relatively 
faster at the applied potential of -100mV and -50mV because of the higher rate of 
corrosion. However, preliminary tests carried out on the annealed samples showed that 
SCC failure occurred too quickly at the applied potential of -50mV. The test at applied 
potential of -50mV is suspected have been dominated by the corrosion process. Hence, the 
targeted plan for the cold rolled materials was to carry out SCC tests at applied potentials 
of -125mV and -100mV for comparison with tests carried out in the controlled 
environment. The test speed used for the SSRT test on the cold rolled material was 
therefore increased to 1.3 x 10-5 mm/s which is equivalent to a strain rate of 5 x 10-7 s-1.  
The corrosion current was measured with the aid of a Pico Higher Resolution Data Logger 
connected with the potentiostat and the test rig computer.  All the slow strain rate tests 
were carried out at ambient temperature and in aerated open environment. 
  
 
167 
 
3.7.2.3 Slow Strain Rate Test in Controlled Environment  
Comparison of SCC results requires tests to be carried out in at least two different 
environments [96]. Hence, the slow strain rate test was also carried out in dry air as a 
control environment. The test speed used for the SSRT test on the cold rolled materials in 
dry air was the same as that used in the chloride environment (1.3 x 10-5mm/s which is 
equivalent to a strain rate of 5 x 10-7 s-1). The results of these tests were used as the basis 
for comparison with the tests carried out in the chloride (SCC) environment. The 
compliance of the test machine was determined earlier using presumed infinitely stiff 
material. The engineering strain was calculated from cross-head speed of the machine as 
the ratio of the tensile extension to the gauge length of the sample. The yield strength 
(0.2% offset), the elongation (ductility) and time to failure for each of the tests were 
determined. 
 
3.7.2.4 Post-Mortem Optical Microscopy 
The post-mortem optical microscopy was carried out on the failed samples using an 
Olympus light microscope installed with AxioVision (Release 4.7.2) digital camera and 
application software. The gauge length surface area of the failed samples was observed to 
determine the extent of cracks after the stress corrosion cracking test. The images of the 
cracks and corrosion pit were obverved on the samples and processed with the application 
software. The image obtained from optical micrographs was used as a guide for the 
sectioning of the samples across the cracks. The samples were subsequently sectioned for 
the scanning electron microscopy. 
 
3.7.2.5 Post-Mortem Scanning Electron Microscopy 
Field Emission Gun Scanning Electron Microscope (FEGSEM), Philip XL30 and Zeiss 
EVO 60 Scanning Electron Microscope were both used for the examination of the fracture 
surfaces of the failed samples. After the fractographic examination, the samples were 
subsequently sectioned across the crack, ground and polished with Oxide Polishing 
Suspension (colloidal silica suspension) OPS for metallographic examination. This was 
done to examine the depth of the cracks and to study the crack propagation mode. The 
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scanning electron microscopy was carried out using the secondary electrons and 
Accelerating Voltage of 15-20 kV.  
 
3.7.3 Results  
3.7.3.1 Effect of Applied Potentials on Stress Corrosion Cracking 
Susceptibility 
The results of the stress corrosion cracking tests carried out on the annealed samples are 
shown in the Figure 3.55. The plots of the applied stress against the engineering strain and 
the plot of current density against time to failure are shown in Figure 3.55A & B 
respectively. The detailed results of the tests are contained in Table 3.9. The effect of the 
applied potential was quite obvious on the Plastic elongation (ductility), the Ultimate 
Tensile Strength (UTS) and in the Time to Failure (TTF).  
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Figure 3.55: SSRT Curves for Annealed Samples Tested at Strain Rate of 2.4×10-7s-1, pH of 
1.5, and Applied Potentials of -125mV, -100mV and -50mV at Ambient Temperature: Applied 
Stress Vs Strain (A) and Current Density Vs Time to Failure (B) 
 
The ductility and the ultimate tensile strength of material decrease as the applied potential 
increases. Similarly, the time to failure also decreases as the applied potential increases. 
The decrease in the time to failure and mechanical properties of the material may be 
attributed to significant increase in the corrosion rate caused by increase in the applied 
potential. The plots of corrosion current density against time to failure in Figure 3.55B 
showed that the corrosion current density increases as the applied potential increases.   
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The preliminary results of the annealed sample were quite useful as they provided a basis 
for the subsequent tests carried out on the cold rolled samples. The test at the applied 
potential of -125mV took 891 hours before failure occurred. This was obviously too long, 
while failure occurred too quickly at 197 hours when the applied potential was increased to 
-50mV (see Figure 3.54) to accelerate the corrosion process. The applied potential of -
125mV represents the passive potential where the corrosion process was expected to be at 
the minimal level. Hence, the SCC test was largely dominated by the mechanical process. 
Comparing and contrasting the effects of the applied potential have shown that SCC 
susceptibility can be mitigated and held under control if the electrochemical potential is 
maintained in the passive potential region. On the other hand, when the applied potential of 
-100mV was used, the failure of the material occurred in 348 hours. The failure time was 
considerably reduced, but still relatively higher. Therefore, an additional increase in the 
strain rate was obviously needed to strike a balance between the corrosion and the 
mechanical processes during the subsequent tests on the samples prestrained by cold 
rolling. 
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Figure 3.56: Effect of Applied Potentials on Plastic Elongation for Annealed Samples Tested 
in Chloride Environment at Strain Rate of 2.4×10-7s-1, pH of 1.5 at Ambient Temperature 
 
The plot of plastic elongation against the applied potentials is shown in the Figure 3.56 and 
the detailed results of the annealed samples tested at the different applied potentials are 
shown in the Table 3.9. The significant increase in the corrosion rate may have been the 
reason for the decrease in the plastic elongation as the applied potential increases (see 
Figure 3.56).  
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Table 3.9: Summary Results of the Preliminary SSRT on Annealed Sample 
SCC at Strain Rate of 2.4×10-7s-1 (Test Speed of 6.3×10-6mm/s) and Ambient 
Temperature 
Material 
Condition 
Applied  
Potential  
(mV) 
Yield Strength 
(MPa) 
UTS 
(MPa) 
Elongation 
(%) 
Time to Failure 
(Hr) 
-125 300 672 76.7 891 
-100 240 474 29.5 348 Annealed 
-50 340 437 16.6 197 
 
3.7.3.2 Effect of Prestrain Levels on Stress Corrosion Cracking 
Susceptibility 
The targeted plan for the cold rolled samples was to carry out tests in the SCC environment 
(at the applied potentials of -125mV and -100mV) and in the controlled environment (dry 
air). The plan was later abandoned due to major breakdown of the test rig. The tests in the 
SCC environment at the applied potential of -125mV and in air were completed before the 
breakdown and the results of the tests are as follows. 
 
i. Annealed Sample 
The results of the SSRT carried out on the annealed sample in the SCC (Chloride) 
environment at the applied potential of -125mV and in the controlled environments (dry 
air) are shown in the Figure 3.57. The plots of the applied stress against the engineering 
strain are shown in the Figure 3.57A and the combine plots of corrosion current density in 
chloride environment and applied stress against time to failure are shown in the Figure 
3.57B. The stress-strain plots in the Figure 3.57A showed that, the yield strength and UTS 
of the annealed material in the SCC environment was slightly lower at 290MPa and 
645MPa respectively than measured in the controlled environment. The yield strength and 
UTS of the annealed sample in the controlled environment were 320MPa and 670MPa 
respectively. Conversely, the ductility of the annealed material in the SCC environment at 
the passive potential was relatively higher at 80.3% than 77.3% measured in the controlled 
environment. The higher ductility observed during the SCC test than the test in the 
controlled environment may be attributed to the development of protective corrosion 
resistance film at the passive potential used during the test.  
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The plot of the corrosion current density against the time to failure is shown in Figure 
3.57B. The applied potential was potentiostically controlled at -125mV. The first obvious 
current peak occurred after 30 hour of the test (Figure 3.57B) and the position of the peak 
probably marked the beginning of plastic elongation by slip. The first peak in the current is 
suggested to be related to the temporary break-up of the interatomic bond when the yield 
point was exceeded. 
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Figure 3.57: SSRT Curves for Annealed Samples Tested at Strain Rate of 5×10-7s-1 in Air and 
SCC Environments: Applied Stress Vs Strain (A) and Current Density Vs Time to Failure (B) 
 
It was also observed that the current density continued to increase after about 130 hour of 
the test while the applied potential is maintained constant. The observed increase in the 
corrosion current density was probably caused by crevice corrosion between the test 
sample and the SCC cell. The crevice corrosion was most probably because of the 
significant reduction in the gauge length of the test sample particularly those without or 
with low level of prestrain, as the applied stress increases. The reduction in the cross 
sectional area of the sample creates a gap (crevice) most suitable for crevice corrosion 
between the sample and the SCC cell. The final failure of the annealed material occurred 
after 451 hour and 435 hour in the SCC and in the controlled environment respectively. 
  
ii. 5% Cold Work  
The results of the SSRT carried out on the 5% cold rolled sample are shown in the Figure 
3.58. The plots of the applied stress against the engineering strain are shown in the Figure 
3.58A, whilst the plots of both corrosion current density and the applied stress against time 
B A 
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to failure are shown in the Figure 3.58B. The trends are the same as the results of the 
annealed sample. The yield strength and the UTS were relatively lower in the SCC 
environment at the applied potential of -125mV than in the controlled environment. The 
yield strength and the UTS in the SCC environment were 370MPa and 657MPa 
respectively, while the yield strength and the UTS in the controlled environment were 
390MPa and 708MPa respectively. The ductility and the time to failure of the 5% cold 
rolled sample were 70% and 396 hour respectively in the SCC environment at the applied 
potential of -125mV, these values were slightly greater than the 68% and 379 hour 
observed during the test in the controlled environment. 
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Figure 3.58: SSRT Curves for 5% Cold Rolled Samples Tested at Strain Rate of 5×10-7s-1 in 
Air and SCC Environments: Applied Stress Vs Strain (A) and Current Density Vs Time to 
Failure (B) 
 
The plot of corrosion current density against the time to failure also showed that the first 
current peak coincided with the onset of plastic elongation (Figure 3.58B). There was also 
evidence of increasing current density which was earlier attributed to the crevice corrosion 
between elongated sample and the SCC cell. The little dip in the corrosion current density 
from 200-320 hour was due to experimental error caused by lack of electrolyte 
replenishment. The curve returned back to normal position after the solution was refilled. 
 
iii. 10% Cold Work 
The results of the 10% cold rolled sample tested in the SCC and controlled environments 
are shown in the Figure 3.59. The plots of the applied stress against the engineering strain 
are shown in the Figure 3.59A. The trend of the results is consistent with results of the 
B A 
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annealed and 5% cold worked samples. The yield strength and UTS in the SCC 
environment were 500MPa and 707MPa respectively. These values are comparatively 
lower than the yield strength and UTS of 520MPa and 717MPa respectively, measured in 
the controlled environment. The ductility and the time to failure in the SCC environment 
were 67% and 378 hour respectively. These values were marginally higher than the 
ductility of 66% and time to failure of 373 hour measured in the controlled environment.  
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Figure 3.59: SSRT Curves for 10% Cold Rolled Samples Tested at Strain Rate of 5×10-7s-1 in 
Air and SCC Environments: Applied Stress Vs Strain (A) and Current Density Vs Time to 
Failure (B) 
 
The plots of the applied stress and corrosion current density against the time to failure for 
the 10% cold rolled sample are shown in the Figure 3.59B. In contrast to the annealed and 
5% cold rolled samples, the corrosion current was fairly constant at the applied potential of 
the -125mV. The first current peak occurred at 22 hour and the peak position corresponds 
to the onset of plastic elongation during the test. The peak was suggested have been caused 
by the temporary breaking of the interatomic bond when the yield point was exceeded.  
The current spikes and the gradual decay during the plastic elongation was attributed to the 
break down of passive film followed by gradual repair during the pitting corrosion or when 
a new crack opened up. The exposure of the substrate to the environment when the passive 
film is broken down causes the current to suddenly increase. The gradual decay in current 
density was as a result of the self healing mechanism of the austenitic stainless steels 
through the repassivation of the chromium oxide film to protect the substrate from the 
environment once again.  
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iv. 20% Cold Work 
The results of the 20% cold rolled sample tested in the SCC and controlled environments 
are shown in the Figure 3.60. The plots of the applied stress against the engineering strain 
are shown in the Figure 3.60A, while the combine plots of the applied stress and the 
corrosion current density against the time to failure are shown in the Figure 3.60B. The 
trends of these results are quite similar to the earlier results. The yield strength and the 
UTS for the 20% cold rolled material in the SCC environment were 680MPa and 786MPa 
respectively, while the yield strength and the UTS of 700MPa and 793MPa respectively, 
were measured in the controlled environment.  
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Figure 3.60: SSRT Curves for 20% Cold Rolled Samples Tested at Strain Rate of 5×10-7s-1 in 
Air and SCC Environments: Applied Stress Vs Strain (A) and Current Density Vs Time to 
Failure (B) 
 
The rupture strain of the 20% cold rolled sample during the SCC at the applied potential of 
-125mV was comparatively longer than the test in the controlled environment and this lead 
to slight delay in the final fracture of the sample. This phenomenon may have allowed the 
samples sufficient time for crack to propagate before the final failure. The ductility and the 
time to failure in the SCC environment were 50.7% and 330 hour respectively. These 
values were significantly greater than the 43.2% and 284 hour measured in the controlled 
environment.  The combine plots of the applied stress and corrosion current density against 
the time to failure (see Figure 3.60B) showed that the first current peak occurred after 32 
hour. Consistent with earlier results, the first current position occurred at the onset of 
plastic deformation. The current also showed spikes and gradual decay during the plastic 
elongation. The current density was fairly constant during the plastic elongation. This 
apparently suggests that crevice corrosion was not significant during the SCC test. 
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175 
 
v. 40% Cold Work 
The results of the 40% cold rolled sample tested in the SCC and controlled environments 
are shown in the Figure 3.61. The plot of the applied stress against the engineering strain 
are shown in the Figure 3.61A while the plots of the applied stress and the corrosion 
current density against the time to failure are shown in the Figure 3.61B. The yield strength 
and the UTS for the 40% cold rolled material in the SCC environment were 960MPa and 
1003MPa respectively. Unlike the earlier results, these values are slightly higher than the 
yield strength and the UTS of 940MPa and 980MPa respectively, measured in the 
controlled environment. The ductility and the time to failure followed the trends of the 
lower cold worked samples. The ductility and the time to failure in the SCC environment 
were 22.2% and 152 hour respectively. These values were comparatively greater than the 
ductility and time to failure of 21.9% and 149 hour respectively, measured in the controlled 
environment. 
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Figure 3.61: SSRT Curves for 40% Cold Rolled Samples Tested at Strain Rate of 5×10-7s-1 in 
Air and SCC Environments: Applied Stress Vs Strain (A) and Current Density Vs Time to 
Failure (B) 
 
The corrosion current density of the 40% cold rolled sample did not show any obvious sign 
of crevice corrosion, as the current density remained fairly constant during the plastic 
elongation. The onset of plasticity could also be identified from the earliest current peak. 
Unlike in the results of the 10% and 20% cold rolled samples, the current spikes and the 
subsequent decay were significantly reduced. 
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Summary results of the slow strain rate tests carried out on the cold rolled samples at the 
applied potential of -125mV are shown in Figure 3.62A and Table 3.10. The increase in the 
yield strength and decrease in ductility with the levels of cold work is consistent with the 
earlier results. However, the rupture strain of the 20% cold rolled sample was unique and 
may have led to slight delay in the final fracture of the sample compared with the rest of 
the test samples. The behaviour of the 20% cold rolled sample may have allowed the 
sample sufficient time for cracks to propagate before the final failure. 
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Figure 3.62: SSRT Curves for Cold Rolled Samples Tested at Strain Rate of 5×10-7s-1 in SCC 
Environment: Applied Stress Vs Strain (A) and Current Density Vs Time to Failure (B) 
 
Table 3.10: Summary Results of the SSRT on Cold Rolled Sample 
SCC at Strain Rate of 5.0×10-7s-1 (Test Speed of 1.3×10-5mm/s) and Ambient Temperature 
SCC(-125mV) Air 
 
Cold 
Work 
YS 
(MPa) 
UTS 
(MPa) 
EL 
(%) 
TTF 
(Hr) 
YS 
(MPa) 
UTS 
(MPa) 
EL 
(%) 
TTF 
(Hr) 
AN 290 645 80.3 451 320 670 77.3 435 
5% 370 657 70.0 396 390 708 68.0 379 
10% 500 707 67.0 378 520 717 66.0 373 
20% 680 786 50.7 330 700 793 43.2 284 
40% 960 1003 22.2 152 940 980 21.9 149 
 
The corresponding plots of corrosion current density against the time to failure are shown 
in the Figure 3.62B. Evidence of the crevice corrosion was obvious from the relatively 
higher corrosion current density of the annealed and 5% cold rolled samples in the Figure 
3.62B. The annealed and 5% cold rolled samples suffered significantly from crevice 
corrosion during the SCC test (see Figure 3.63A and Figure 3.64E). Crevice corrosion is 
suggested to have occurred at the gap between the SCC cell and the sample. 
B A 
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3.7.3.3 Post-Mortem Optical Microscopy of the Failed Samples 
i. Annealed Samples Investigating the Effect of Applied Potentials on SCC 
The results of the optical microscopy of the annealed samples tested at different applied 
potentials are shown in the Figure 3.63.   
 
   
   
Figure 3.63: Optical Micrographs of Annealed Samples Tested at Strain Rate of 2.4×10-7s-1, 
pH of 1.5, and Applied Potentials of: -125mV (A), -100mV (B) and -50mV (C and D) at Ambient 
Temperature 
 
The three samples failed at a similar location, at the point of contact betweent the SCC cell 
and the sample. The failure at this location was probably facilitated by crevice corrosion 
between the cell and the sample due to reduction in the cross-sectional area as the sample 
elongated during the test. However, the cracks and corrosion pits shown in the Figure 3.63  
were found on the gauge length area (see inset in Figure 3.63A). All three samples showed 
evidence of cracks perpendicular to the loading (longitudinal) direction.  
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The cracks on the sample with applied potential -50mV are quite faint and thinner than the 
other two samples (Figure 3.63C). This may have been caused by the relatively lower 
plastic elongation due to the accelerated corrosion process that dominated the test. In 
addition to the observed cracks on the samples tested at the applied potential -50mV, 
corrosion pits of about 0.8mm diameter were also observed on the sample (see Figure 
3.63D). 
 
ii. Cold Rolled Samples Investigating the Effects of Prestrain Levels on SCC at 
Applied Potential -125mV 
The results of the optical microscopy carried out on the cold rolled samples tested at the 
applied potential of -125mV are shown in the Figure 3.64. Though, the samples were 
tested at the applied potential of -125mV which falls within the passive potential region 
(see Figure 3.54), evidence of cracks was apparent on the surfaces of most samples 
perpendicular to the loading direction (Figure 3.64A-E). The only evidence of cracks on 
the 40%CW sample with optical microscopy, were observed at the austenite-ferrite 
interface parallel to the loading direction (Figure 3.64E).  
 
The annealed and 5% cold rolled samples failed at the tapered end of the gauge section 
where the SCC cell was positioned. The failure of the samples may have been facilitated 
and dominated by crevice corrosion between the samples and cell. The failure occurred in 
other samples including the 10%CW, 20%CW and 40%CW within the gauge length 
(Figure 3.64F). The information available from optical microscopy is limited to the surface 
observation of the samples. Detailed information about the crack depth and mode of 
propagation was achieved through scanning electron microscopy and this is reported in the 
subsequent section. 
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Figure 3.64: Optical Micrographs of Cold Rolled Samples Tested at Strain Rate of 5.0×10-7s-1, 
pH of 1.5, Applied Potentials of -125mV and at Ambient Temperature: Annealed (A), 5%CW 
(B), 10%CW (C), 20%CW (D) 40%CW (E) and Failed Samples (F) 
 
3.7.3.4 Post-Mortem Scanning Electron Microscopy of the Failed Samples 
i. Annealed Samples Investigating the Effects of Applied Potentials on SCC 
The scanning electron micrographs of the annealed samples investigating the effects of the 
applied potential on the SCC are shown in Figure 3.65. The fracture surface and the crack 
cross section of the sample tested at the applied potential of -125mV are shown in Figure 
3.65(A & B) respectively. The fracture surface showed areas of SCC with the evidence of 
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secondary cracks along the loading direction and that of pure ductile failure. The area of 
ductile failure were characterised by dimples (see insets in Figure 3.65A). It was 
understood from the SSRT results that the test at the applied potential of -125mV was 
dominated by the mechanical process because of the very low strain rate used. This may 
have been the reason why the secondary cracks observed were more conspicuous than the 
other samples tested at the applied potentials of -100mV and -50mV.   
 
The SEM micrograph of the crack cross section in the gauge length area is shown in the 
Figure 3.65B. The cross sectional view of the sample showed evidence of crack which 
appeared to be quite thin. The crack was expected to be more widely opened under load 
prior to the final failure. Complete removal of the load after failure may have led to the 
crack closure due to elastic recovery. The crack is suggested to be transgranular crack. The 
single crack propagated across the loading direction (L) without obvious branch. 
 
The fracture surface and the crack cross section of the sample tested at the applied 
potential of the -100mV are shown in the Figure 3.65 C & D respectively. The additional 
information from the fracture surface of the sample tested at the applied potential of -
100mV was the evidence of aggressive corrosion which was not so obvious from the 
sample tested at the applied potential of -125mV. The cross section of the crack in the 
Figure 3.65D also showed a thin crack with branches. The cracks were transgranular in 
nature. 
 
The fracture surface of the sample tested at the applied potential of -50mV (Figure 3.65E) 
showed evidence of excessive corrosion (pitting and crevice) which dominated the process. 
The fracture surface also contained an area of SCC with secondary cracks and an area of 
ductile failure dominated by ductile dimples. The SEM micrographs of the crack cross 
section are shown in the Figure 3.65F. The cracks were faint and quite thin, this may be 
attributed to the higher corrosion rate and low mechanical process. The plastic elongation 
was relatively low compared to the samples tested at the applied potential of -125mV and -
100mV (see Figure 3.56). The inset in the Figure 3.65F showed one of the corrosion pits 
and what appeared to be a crack at the root of the corrosion pit. 
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Figure 3.65: SEM Micrographs of Annealed Samples Tested at Strain Rate of 2.4×10-7s-1, 
pH of 1.5 and Ambient Temperature, at the Applied Potentials of: -125mV (A & B), -100mV (C 
& D) and -50mV (E & F), showing the Fracture Surface and Crack Cross Section, 
Respectively. 
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ii. Cold Rolled Samples Investigating the Effects of Prestrain Levels on SCC at 
Applied Potential of -125mV 
a. Annealed 
The SEM micrographs of the annealed sample tested at the applied potential of -125mV 
(and strain rate of 5×10-7s-1) are shown in Figure 3.66. The fracture surface showed 
evidence of crevice corrosion on the near surface of the sample that was in contact with the 
SCC cell. Away from the near surface, the fracture surface showed an area of SCC with 
secondary cracks which propagated along the loading direction (see inset in Figure 3.66A).  
 
   
Figure 3.66: SEM Micrographs of Annealed Samples Tested at Strain Rate of 5×10-7s-1, pH of 
1.5, Ambient Temperature and Applied Potentials of -125mV, Showing the Fracture Surface 
(A) and Cross Section of the Crack (B) 
 
The SEM micrograph of the crack cross section in the gauge length area is shown in Figure 
3.66B. The single crack appeared to have originated from the surface probably from a 
corrosion pit or defect, and propagated perpendicular to the loading direction. The crack is 
suggested to be transgranular crack. Short cracks suspected to have emanated from the 
voids were also observed close to the centre of the sample (see inset in Figure 3.66B). The 
internal voids are suspected to have occurred at the ferrite-austenite interface due to strain 
incompatibility during the deformation.The short cracks propagated horizontally 
perpendicular to the loading axis. This suggests that, the voids may have acted as stress 
raiser and initiation point for the cracks within the sample. 
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b. 5% Cold Rolled 
The SEM micrographs of the 5% cold rolled sample are shown in Figure 3.67. The fracture 
surface is shown in Figure 3.67A. The fracture surface showed evidence of crevice 
corrosion on the near surface of the sample in contact with the SCC cell. The fracture 
surface also contained a SCC region with a secondary crack (inset in Figure 3.67A) and 
ductile failure region with dimples. The crack cross section of the 5% cold rolled sample is 
shown in Figure 3.67B.  The SEM micrograph showed a corrosion pit and evidence of 
crack intiation at the root of the pit.  The Figure 3.67B also showed narrow transgranular 
cracks which propagated perpendicular to the loading axis. 
 
   
Figure 3.67: SEM Micrographs of 5%CW Sample Tested at Strain Rate of 5×10-7s-1, pH of 1.5, 
Ambient Temperature and Applied Potentials of -125mV, Showing the Fracture Surface (A) 
and Cross Section of the Crack (B) 
 
c. 10% Cold Rolled  
The SEM micrographs of the 10% cold rolled sample are shown in Figure 3.68. The 
fracture surface and the crack cross section are shown in Figure 3.68A & B respectively. 
The fracture of 10% cold rolled sample and other higher levels of cold reduction occurred 
in the gauge length area with no obvious crevice corrosion attack on the sample. The 
fracture surface contained a region of pure ductile failure near the surface and a SCC 
region with the secondary cracks (see inset in Figure 3.68A). In the pure ductile region, 
secondary cracks may have developed due to the coalescence of microvoids. The void is 
suspected to have developed at the austenite-ferrite interface due to strain incompatibility. 
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Figure 3.68: SEM Micrographs of 10%CW Sample Tested at Strain Rate of 5×10-7s-1, pH of 
1.5, Ambient Temperature and Applied Potentials of -125mV, Showing the Fracture Surface 
(A) and Cross Section of the Crack (B) 
 
The crack cross section showed evidence of transgranular stress corrosion cracking (Figure 
3.68B). Short cracks of about 20-50µm perpendicular to the loading axis were also 
observed on near the surface of the 10% cold rolled sample (see inset in Figure 3.68B). 
Short cracks on near the surface may have been caused by supplementary cold work 
introduced by machining of the sample. 
 
d. 20% Cold Rolled  
The results of scanning electron microscopy carried out on the 20% cold rolled sample are 
shown in Figure 3.69. The final fracture occurred in the guage length area and the SEM 
micrographs of the fracture surface are shown in Figure 3.69A. There was no obvious sign 
of crevice corrosion attack on the sample. The fracture surface contained distinct regions 
from the outer region towards the centre of the sample. The outermost region contained 
pure ductile dimples. The intermediate region showed evidence of SCC region with 
secondary cracks. The innermost region showed evidence of ductile failure with secondary 
cracks along the loading direction. The secondary cracks in the ductile region towards the 
centre showed serrated edges which suggested they have occured by ductile tearing of the 
walls between the microvoids (see the inset in Figure 3.69A, and compare with that in 
Figure 3.68A). The microvoid is suspected to have formed due to strain incompatibility at 
the austenite-ferrite interface. 
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Figure 3.69: SEM Micrographs of 20%CW Sample Tested at Strain Rate of 5×10-7s-1, pH of 
1.5, Ambient Temperature and Applied Potentials of -125mV, Showing the Fracture Surface 
(A) and Cross Section of the Crack (B, C & D)  
 
The SEM micrographs of the crack cross section are shown in Figure 3.69 B, C & D. The 
cracks in the 20% cold rolled sample were more conspicuous than the other samples. The 
predominantly transgranular cracks propagated perpendicular to the loading axis (see the 
Figure 3.69B &C). There was also evidence of transgranular cracking which later 
translated to intergranular SCC (see Figure 3.69D). 
 
e. 40% Cold Rolled  
The SEM results of the 40% cold rolled sample are shown in Figure 3.70. The fracture 
surface and the crack cross section are shown in Figure 3.70A & B respectively. The final 
failure occurred in the gauge length area without any sign of crevice corrosion attack on 
the sample. The fracture surface showed a major secondary crack that ran across the 
ductile and SCC regions. The ductile region is characterised by dimples and the SCC 
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region contained secondary cracks which propagated along the loading axis (see inset in 
Figure 3.70A). 
 
The SEM micrographs of the crack cross section are shown in the Figure 3.70B. The 
cracks in the 40% cold rolled sample were quite thin and were predominantly short cracks 
from near the surface of the sample. There was also evidence of cracks parallel to the 
loading axis near the surface of the sample (see inset in Figure 3.70B). This is suggested to 
have been caused by the machining effect. The crack might have occurred at the interface 
between the few microns layer of material, which had been affected by additional cold 
working during the machining process, and the substrate.  
 
    
Figure 3.70 SEM Micrographs of 40%CW Sample Tested at Strain Rate of 5×10-7s-1, pH of 1.5, 
Ambient Temperature and Applied Potentials of -125mV, Showing the Fracture Surface (A) 
and Cross Section of the Crack (B) 
 
3.7.4 Summary  
This study was carried out to assess the effect of prestrain levels on stress corrosion 
cracking of ASS, Type 304L in a potentiostatically controlled chloride environment. The 
stress corrosion cracking tests were carried out on annealed and material cold rolled to 
different levels of cold work namely: 5%, 10%, 20% and 40% cold work using a SSRT 
technique. The tests were carried out in sodium chloride and controlled (air) environments 
at ambient temperature. Post-mortem analyses of fracture specimen tested were carried 
using optical and scanning electron microscopy. 
 
The comparison of test results showed that materials tested at the applied potential of -
125mV showed relatively higher resistance to SCC susceptibility than the tests in air. The 
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plastic elongation and the time to failure of the samples tested at the applied potential of -
125mV were higher than the tests in the air. These results suggested that the resistance of 
ASS can be significantly improved if a passive potential is applied. The rupture strain of 
the 20% cold rolled sample was comparatively longer and this led to slight delay in the 
final fracture of the sample compared with the rest of the test samples. This phenomenon 
may have allowed the samples sufficient time for the crack to propagate before final 
failure.   
 
The results of the post-mortem analysis with optical and SEM techniques showed that, the 
fracture surface contained regions of ductile failure characterised by ductile dimples, and 
regions of stress corrosion cracking with secondary cracks which propagated along the 
loading axis. The secondary cracks are suggested to have developed at the austenite-ferrite 
interface probably due to strain incompatibility. The SEM micrographs of crack cross 
sections showed cracks which propagated perpendicular to the loading axis. The cracks 
observed were predominantly transgranular stress corrosion cracks.  
 
The above section marks the end of chapter three. Chapter four of the report contains 
discussion of results and the roles of the materials factors following cold work, in the SCC 
susceptibility.    
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Chapter Four 
 
4 Discussion 
Discussion of the results of tests addresses the research quensitions highlighted in 
introductory part of the thesis. The reasons identified for increased susceptibility of ASS to 
SCC are related to the heterogenous deformation of microstructures and directional 
anisotropy, both of which are caused by cold work. Internal stresses may develop from the 
localised heterogenous deformation due to the presence of the following microstructures in 
austenite matrix: retained delta ferrite, strain induced martensite, deformation twining. 
First a discussion of the roles of retained delta ferrite is presented. 
 
4.1 The Roles of Retained Delta Ferrite 
The results of optical metallography and prediction from the Schaeffler diagram showed 
that the proportion of retained delta ferrite in the austenite matrix amounts to about 4%. 
The effect of ferrite in austenitic microstructure depends on the volume fraction of ferrite 
and the previous heat treatment condition. The role of retained delta ferrite requires a 
balance of probability between deleterious precipitation of brittle phases and its useful role 
of improving the chloride stress corrosion cracking resistance. The presence of delta ferrite 
in austenite matrix has been suggested to be beneficial with respect to crack blunting in 
chloride stress corrosion cracking [8, 32].  
 
However, their presence may also have serious implications with respect to the mechanical 
properties of stainless steels.  The ferrite either in a fully ferritic matrix or in a duplex 
matrix is susceptible to the spinodal decomposition and 475°C embrittlement on prolonged 
exposure to elevated temperature. This leads to the formation of both Fe-rich α and Cr-rich 
ά respectively [98]. The morphology of spinodal decomposition phases depends on the 
ageing temperature. Miller et al. [99] have suggested that the Fe-rich α and Cr-rich ά 
regions are likely to occur as an interconnected network if the ferrite decomposition 
occurrs at ageing temperatures 400°C-500°C. While isolated regions of each of the phases 
are mostly favoured to form at 550°C. These phases are brittle and depending on their 
proportion, they can affect the fracture toughness of the stainless steel and cause strain 
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incompatibility. Localised heterogeneous deformation between ferrite and austenite may 
lead to the development of internal stresses, which can have a significant influence on 
crack propagation particularly, tensile residual stress at the crack tip.  
 
The rupture pattern observed from the results of mechanical testing in Figure 3.39B is 
quite significant.  The materials loaded along the L and T direction showed a gradual 
failure as indicated by the gentle slope on the 20L and 20T curves. In contrast, the material 
loaded along the S direction showed a relatively sudden failure represented by the steep 
slope on the 20S curve. The reason for the rapid rupture of the 20S sample may be due to 
synergy between the effects of microstructures and cold work. The SEM study of the 
fracture surfaces revealed full ductile failure on the 20L and 20T samples (Figure 3.40B 
and 3.41B respectively). Whilst, the fracture surface of the 20S showed mixture of ductile 
dimples and cleavage (3.42B). The cleavage may have occurred at the austenite-ferrite 
interface perhaps due to heterogeneous deformation and strain incompatibility between the 
austenite and ferrite. The flow stress along the S-direction is perpendicular to the preferred 
orientation which already existed due to cold rolling. This suggests that the flow stress is 
almost at 90° to the grain boundaries preferred orientation and thus pulling them apart.  
 
Still on microstructural perspective, the result of optical metallography showed the 
presence of retained delta ferrite which was estimated to be about 4% (Figure 3.5 & 3.7). 
The average length and width of each delta ferrite streak were about 100µm and 10µm 
respectively. This dimension is about the same size as the cleavage found on the fracture 
surface of the 20S sample (Figure 3.42B). This further reinforces the suggestion that the 
cleavage occurred at the autenite-ferrite interface. Similar observation was reported by 
Enami [20]. Enami studied the effect of compressive and tensile prestrain on ductile 
fracture initiation in steels including one containing pearlitic structure. The tensile loading 
of compressively prestrained pearlitic steel led to cleavage failure and significant loss of 
ductility. This result is consistent with the suggestion of heterogeneous deformation 
between the two different phases: austenite and ferrite in the case 304L steel used in this 
test and pearlitic structure in the case of Enami report. Pearlite phase comprises 
interlamellar layers of ferrite and cementite which are relatively weaker and harder phases 
respectively [13]. Umemoto et al. [100] also reported evidence of cleavage fracture at the 
interface between cementite and ferrite in pearlitic steel structure after cold rolling to 30%. 
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The secondary cracks and evidence of crack inititation at the austenite-ferrite interface 
observed in the SSRT fracture samples (see Figure 3.66) are all consistent with the 
suggestion of possible strain incompatibility between ferrite and austenite. Other 
microstructures in the austenitic stainless steel not revealed by the optical microscopy 
which can also cause non uniform deformation and strain incompatibility include strain 
induced martensite. However, the results of the study have shown, that may not apply to 
the material used in the report. The detailed discussion of the roles of martensite in the 
SCC susceptibility of ASS is as follows.  
 
4.2 The Roles of Strain Induced Martensite 
The presence of martensite is often suggested as one of the possible explanations for the 
increased susceptibility of cold worked ASS, on account of its high hardness and low 
corrosion resistence. However, this study could not find any evidence of martensite during 
deformation at ambient temperature, and up 200MPa in the elastic region at cryogenic 
temperatures. Martensite was only found during the plastic deformation at cryogenic 
temperature, and the changes in the lattice strain observed were largely attributed to the 
martensite development rather than the effect of decrease in temperature. The strain 
hardening response of austenitic stainless steels to the change in temperature is known to 
be very low [77].     
 
The mechanisms of transformation of austenite to strain induced martensite have been 
studied [77,101]. The theoretical model illustrating the stacking sequence of HCP and FCC 
close packed structures and transformation of FCC to HCP through shear deformation were 
fully described in Figure 2.34. The transformation of FCC closed packed {111} plane to 
HCP structure occurs with relative ease by simple shear through a displacement of 
>< 211
6
a
 on every second FCC closed packed plane to become the hexagonal closed 
packed plane. It is understood that the FCC austenite transformation to HCP martensite is 
more likely and indeed easier than the FCC austenite transformation to BCC martensite. 
The transformation of FCC austenite to BCC martensite requires simultaneous 
compression on one axis and the uniform expansion on the other two axes. This type of 
deformation is more complicated and requires an enormous strain to occur [38, 101]. This 
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may explain why the observed martensite peaks were predominantly HCP martensite (see 
Figures 3.15 and Figure 3.16). 
 
The effect of martensite development on austenitic stainless steels at cryogenic 
temperature was shown by the lattice strain response of the 311 peaks in the Figure 3.17D. 
The presence of martensite acted as reinforcement in the austenite matrix because of the 
relatively lower strain recorded in the plastic region up to the applied stress of 600MPa. 
This result is consistent with the earlier studies [39, 19]. The assessment of the role of 
martensite in austenite matrix was carried out by Spencer et al. [39] with neutron 
diffraction during the in-situ loading of 316L containing 30% martensite. From their 
results in Figure 2.28B, it was obvious, that martensite acted as reinforcement to the 
austenite as it sustained higher load than the austenite.  
 
Contrary to the beneficial role of martensite as reinforcement to the austenite matrix, the 
presence of martensite may also lead to heterogeneous deformation between the austenite 
and martensite phases at localised scale. The heterogeneous deformation at austenite-
martensite interface during the SCC test may leave the hard martensite phase with tensile 
residual stress, thus creating an easy path for crack propagation. This suggests martensite, 
if present, as one of the microstructural factors that may influence the stress corrosion 
cracking susceptibility of cold worked material. 
 
4.3 The Roles of Deformation Twinning 
Austenitic stainless steels belong to group of material which have low to moderate stacking 
fault energy and propensity to develop stacking faults, deformation twins, and planar 
dislocation structures. The predominant deformation mechanism in austenitic stainless 
steels is by slip. However, the lower stacking fault energy of austenitic steels material 
makes the formation of deformation twins favourable. The effects of slip and twinning on 
deformation mechanism of polycrystalline materials have gained considerable attention in 
recent time and, the significance of twinning is becoming increasingly apparent. One 
particular area of relevance is the crystal plasticity models which have been very 
successful in prediction of macroscopic flow stress. However, the model has since failed in 
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other important areas including the prediction of Bauschinger effect because of its inability 
to incorporate the significant effect of twinning and precipitates [70]. 
 
   
   
Figure 4.1: Scanning Electron Microscopy of 20% Cold Rolled Austenitic Stainless Steel, 
Type 304L: Forward Scatter Electron Micrograph (A) and Electron Back Scatter Diffraction 
(EBSD) Micrographs Showing: Image Quality Map (B), Image Quality Map with Twin 
Boundaries (gold) (C) and Inverse Pole Figure Map with Twin Boundaries (D)  [Courtesy of 
David Wright] 
 
Typical views of the deformation twins in the ASS cold rolled to 20% are shown in the 
Figure 4.1. The images were produced by scanning electron microscope using the Electron 
Back Scatter Diffraction (EBSD) technique. The twin boundaries are delineated in gold 
colour in the image quality map (Figure 4.1C) and in the inverse pole figure map (Figure 
4.1D). Unlike slip where the movement of atoms occurred over a whole atomic distance 
without change in the orientation or structure of the lattice, twinning can cause a lattice 
distortion because the movement of atom only occurs over a fraction of inter-atomic 
distance [102]. Karaman et al. [70] suggested that the thin boundaries of the twins can act 
B A 
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as an obstruction which may limit the mean free path of dislocation and consequently, 
leading to higher strain hardening. 
 
 
Figure 4.2: TEM Bright Field Images of ASS 316L Loaded in Tension at Room Temperature: 
along the [111] Direction to 15% Strain (A), along the [001] Direction to 10% Strain (B) and 
0.4% N Alloyed Sample Loaded along [011] Direction to 24% Strain (C) [70] 
   
Similarly, Figure 4.2 shows Transmission Electron Micrographs of twin and 
microstructural features development in ASS 316L subjected to 15%, 10% and 24% tensile 
strain along the [111], [001] and [011] directions respectively [70]. The micrographs show 
evidence of twinning and interaction of dislocations with the twin boundaries. This 
phenomenon underpins the explanation for increased strain hardening of cold worked 
materials. However, saturation of twinning and the formation of cell substructures within 
the twin lamellae (see Figure 4.2A) are likely to cause a decrease in the strain hardening of 
the region due to dislocation annihilation.  The existence of layers of strong and weak 
regions can lead to heterogenous deformation at a localised scale within the grain. This 
may provide easy propagation route for transgranular cracks in heavily cold worked 
material.  The relatively lower amount of twins and the evidence of extensive cross slip in 
the Figure 4.2C were attributed to the presence of 0.4% nitrogen in the composition. The 
addition of N to a certain level can increase the stacking fault energy. Consequently, this 
leads to the reduction in the stacking faults and increases the chances for cross slip. 
 
B A C 
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4.4 The Effects of Strain Path and Directional Anisotropy 
4.4.1 Yield Strength Anisotropy following Uniaxial Deformation  
The results of the load cycle tests carried out on the annealed materials showed that the 
yield strength of the material increases when it is re-strained in the forward direction as 
was the case in the tension-tension load cycle. The increase in yield strength during the 
tension-tension test and the relatively lower yield strength during the compression-tension 
test are consistent with the principle of work hardening and relates to the Bauschinger 
effect [37].   
 
Orowan [66] explained Bauschinger effect as a result of build up of dislocation on barriers 
which act as obstruction to their motion during the plastic deformation. Additional flow 
stress is required to overcome the resistance of the dislocation at the barrier against further 
deformation in forward direction. But when the loading direction is reversed, as was the 
case in compression-tension test, dislocation motion may occur at relatively lower flow 
stress because the barriers at the rear of the dislocation are relatively less obstructive than 
the obstacles ahead of the dislocations [65]. The slip system that was earlier activated 
during the forward motion becomes the easy path to retrace during the reversed loading 
with little or no obstruction. Mataya et al. [82] suggested that the low resistance or the 
assistance of dislocation motion during the reverse motion was probably due to the 
presence of mobile dislocations or back stresses from the dislocation piles at the barriers 
respectively.   
 
The Bauschinger effects have also been explained on the basis of the prevailing 
deformation mechanism during the load cycle. Karaman et al. [70] carried out studies on 
the effects of Bauschinger effects in the Hadfield (austenitic steel with 12-14% Mn) single 
crystals along three orientations namely: [111], [123] and [001]. They observed that large 
Bauschinger effect occurs more often whenever twinining was the primary deformation 
mechanism in the forward loading, typically during the tensile deformation along the [111] 
and [123] orientations and compressive deformation along the [001] orientation. They also 
observed that permanent softening occurred when twinining was followed by slip through 
the formation of microscopic shear bands. This occurred when tensile deformation in the 
forward direction along the [111] orientation was followed by reversed compression. It 
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was further suggested that deformation by slip in the forward direction which occurs 
during the compression along the [111] and [123] orientation, generates a transient effect 
by facilitating early dislocation motion during the reverse loading. 
 
4.4.2 Yield Strength Anisotropy following Cold Rolling 
The results of mechanical tests on samples prestrained by cold rolling showed that the 
yield strength of materials increases with prestrain in all the 3 principal direction (Figure 
3.29). The increase in the yield strength with the level of cold work agrees with principle 
of work hardening and increasing dislocation density. The effect of strain path was also 
highlighted in the results of the cold rolled materials (Figure 3.29B). During the re-
straining to 5% tensile strain, lower yield strength was observed in all samples re-strained 
along the S-direction. Conversely, when the 20% cold rolled material was re-strained to the 
5% in compression (see Table 3.5), the highest yield strength was observed along the S 
direction and the least occurred along the L direction both of which represented the 
compression-compression and tension-compression (elongation of the grain during rolling 
followed by uniaxial compression) load cycle respectively. This suggests that the 
Bauschinger effect occurred when the strain path is reversed.   
 
The study shows that magnitude of the Bauschinger effect is independent of whether 
tensile or compressive prestraining comes first or last but rather on the amount of 
prestraining. The yield strength difference between the reverse loading of 20%CW-L and 
20%CW-S sample in compression and tension respectively were 260MPa and 280MPa 
respectively, which is 270MPa on average with error margin of 10MPa. In contrast, 
20%CW-T sample was not affected by either tensile or compressive re-straining (see 
Figure 3.30A). This showed that the Bauschinger effect occurred when the strain path was 
reversed along the longitudinal and short-transverse direction. The same yield strength was 
observed after re-straining of 20%CW-T sample in tension and compression. This is an 
indication that, little or no deformation of the material occurred along the transverse 
direction during the cold rolling.  The correlation between the magnitude of Bauschinger 
effect and the amount of prestrain is contained in the Table 3.5. This result showed that the 
magnitude of the Bauschinger effect increases with the amount of prestrain. 
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The effects of prestrain and strain paths on the mechanical failure of ASS were also 
investigated. Comparing and contrasting the results of stress-strain tests between the 
annealed and 20% cold rolled materials (Table 3.7) showed that, the yield strength of 
material cold rolled to 20% reduction increased relative to the annealed material along the 
longitudinal, transverse and short transverse direction by approximately 150%, 140% and 
70% respectively. The increase in the yield strength occurred at the expense of ductility 
which was reduced by about 50% in all directions. The percentage increase in the UTS was 
about 22% along the longitudinal and transverse direction compared to the 3% increase 
along the short-transverse direction. The increase in the yield strength following the 
prestraining by cold rolling to 20% reduction is in line with theory of dislocation while the 
relatively low strengths (yield strength and tensile strength) observed along the S-direction 
is consistent with principle of strain hardening and Bauschinger effects [37]. 
 
There has been suggestions [5,15,20] that compressive prestraining enhances susceptibility 
to intergranular cracking if followed by tensile loading or vice versa. This is consistent 
with the observation found in this report. The SEM micrographs of the cross sectional view 
of 20S fracture sample in Figure 3.42C & D contained evidence of intergranular cracks 
which may have been caused by the grain boundaries weakening following compressive 
prestrain during the cold rolling.  This suggestion may also substantiate the reasons for the 
lower yield strength and tensile strength observed in the specimen 20S during the reverse 
loading along the S-direction. 
 
These results are also consistent with the high temperature SCC test results of the Tice et 
al. [16] in Figure  1.1. Their results showed that the sample subjected to reversed loading 
exhibited the greatest SCC susceptibility with greatest crack depth along the rolling 
direction, while the least crack depth occurred in the sample re-strained in the forward 
direction. The reason for their results can be understood in the light of this study, 
considering that the tests were done in the stress-controlled mode where the same amount 
of applied load was applied to all the samples. If the SCC test had been carried out on the 3 
samples in the Figure 3.39B at the applied stress of 600MPa, the plastic strain in the 20S 
sample reloaded in reversed direction would probably be about 17%, while the plastic 
strain of about 12% occurred in the 20L and 20T samples. The plasticity in the 20S was 
already higher than the other two even at the same applied load. This may explain why 
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samples subjected to reversed loading are often considered to be most susceptibile. The test 
comparison between the 3 samples may be better carried out in strain-controlled mode. 
This would mean that the applied stress to 20S (about 600MPa) would be considerably 
lower than that of 20L and 20T (about 770MPa) if the tests were to be done at the same 
plastic strain of 17%. 
 
4.5 Lattice Strain Evolution during the In-Situ Deformation  
4.5.1 Lattice Strain Evolution in Uniaxially Deformed Samples during 
In-Situ Loading  
In both the T-T and C-T load cycle tests carried out on annealed samples (Figure 3.24), the 
elastic anisotropy and divergence between the stiffest and the most compliant peaks 
continued to increase with the applied stress beyond the yield point. In T-T load cycle, the 
unloading from the 10% forward strain led to the compressive residual strain in the stiffest 
peaks, 220 and 111 peaks while 200 peak unloaded with tensile residual strain. The 220 
and 111 peaks unloaded with compressive residual strain because the elastic recovery of 
the 200 and 311 peaks was held back by the plastically deformed 220 and 111 peaks. The 
compressive residual strain/stress in the 220 and 111 peaks needed to be neutralised with 
additional stress during the reloading to 5% strain in the forward direction. This may 
constitute one of the reasons why the yield strength of material during the T-T loading was 
relatively higher.  
 
Conversely, the unloading from 10% compressive strain during the C-T load cycle lead to 
tensile residual strain in the 220 and 111 peaks, and compressive residual strain in the 200 
peak. The presence of tensile residual strain/stress in the stiffest peaks during the C-T 
loading will be supplementary to the flow stress leading to early plasticity during the 
reverse loading to 5% tensile strain. In both T-T and C-T load cycles, the divergence 
between the two extreme peaks continues to increase during the reloading in the forward 
and reverse direction respectively. The heterogeneous deformation of the most compliant 
and the stiffest peaks may represent one of the sources of the internal stresses in the 
material during the in-situ loading. 
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The assessment of peak width during the tension-tension load cycle test in the annealed 
material (Figure 3.25A&C) showed that the diffraction peaks increasingly broaden as 
deformation increases. The actual explanation of peak broadening during cold work is 
often been attributed to the smaller grain sizes, inhomogeneous strain and stacking faults 
[78,103,104]. The increase in dislocation density was suggested by Budrovic et al. [104] as 
a possible source of inhomogeneous strain and a contributing factor to peak broadening in 
coarse-grained metals. The increase in the peak width with strain (Figure 3.25C) is 
consistent with the earlier understanding that, higher dislocation density was the reason for 
higher yield strength during the re-straining in the forward direction. However, in the 
reverse loading condition (Figure 3.25B&D), the peak width ceases to increase but 
remained constant throughout the re-straining. The slight drop in the peak width observed 
in the 200 (and 311) peak during the unloading was understood by Budrovic et al. [104] to 
be related to one or both of the following: the recovery of elastic inhomogeneous strain 
contribution of the 200 peaks and the annihilation of the some dislocation during the 
unloading.    
 
4.5.2 Lattice Strain Evolution in Cold rolled Samples during In-Situ 
Loading  
The effects of cold rolling on the lattice strain evolution during the in-situ loading were 
obvious in Figure 3.35. In all the directions with completed test data, the lattice strain 
development in cold rolled materials re-strained to 5% tensile strain, increases with 
prestrain until it reaches saturation at 20%CW and then drops towards the 40%CW. The 
peak strain occurred in the material prestrained to 20% reduction. The reason for this 
behaviour is not entirely understood, however, one of the possible reasons for the decrease 
towards 40%CW could be as a result of decrease in strain heterogeneity that generates 
elastic strain, beyond the 20% cold work limit. The lattice strain is expected to reduce as 
the strain heterogeneity between the local microstructure decreases. The result further 
highlights the importance of intragranular stress as a supplementary crack driving force 
and its limitation during the stress corrosion cracking. As it is now understood from the 
results in the Figure 3.35 that, the intergranular stresses may reach a peak value and may 
be exhausted as deformation becomes increasingly uniform. 
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The significance of the intragranular stresses was highlighted by the results of peak 
broadening in samples prestrained by cold rolling (Figure 3.36). The continuous increase in 
peak broadening during the re-straining of the cold rolled samples along the L, T and S 
(reverse) directions is quite outstanding compare to the annealed samples prestrained by 
uniaxial deformation. This suggests an increasing generation of the dislocations within the 
grain irrespective of the re-straining direction. Dislocations have strong interaction with the 
slip bands and ultimately with the grain boundaries [105]. The dislocation pile up on the 
boundary within the grain including the deformation twin boundaries may lead to 
heterogeneous deformation and a source of internal stresses within the grain. The localised 
intragranular strain hot spots could render the material more susceptible to transgranular 
stress corrosion cracking. 
 
4.5.3 Correlation between Uniaxial Deformation and Cold Rolling 
The effect of prestraining by uniaxial compression and cold rolling was obvious from the 
results of the 10%CW samples in Figure 3.30B (see also Table 3.5). The samples 
prestrained to 10%CW by cold rolling and uniaxial compression had yield strength of 
400MPa and 250MPa respectively on reverse loading to 5% tensile strain. The prestraining 
by cold rolling translated to greater yield strength, 150MPa higher than prestraining by 
uniaxial compression.  
 
The reason for the difference is not entirely understood. However, it was observed from the 
Figure 3.37 that material prestrained by cold rolling showed evidence of increasing peak 
width which is an indication of increasing dislocation density. While the material 
prestrained by uniaxial compression remained unchanged during the re-straining to 5% in 
tension. The increase in the dislocation density (increase in peak broadening) observed in 
material prestrained by cold rolling,  may have occurred probably due to activation of new 
slip system different from those during the initial cold rolling, when the material was re-
strained to 5% strain by uniaxial deformation. The possible activation of new slip system 
may have prevented the annihilation of dislocations generated during the cold rolling. 
Instead, the subsequent uniaxial tension may have led to the generation of more 
dislocations during the reversed loading. 
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4.5.4 Effects of Sample Orientations and Cold Work Levels on 
Electrochemical Behaviour of Austenitic Stainless Steels 
 
The results of the OCP and Polarisation tests showed a consistent trend and order of 
nobility. The results showed that the electrochemical properties of austenitic stainless 
steels are more affected by the sample orientations than the level of cold work. This result 
is consistent with the report of Mazzan et al. [72]. The most consistent order of nobility in 
the OCP and Polarisation tests results was that, the short-transverse plane was the most 
noble while the longitudinal plane was the least noble, i.e. S > T > L. Again, the optical 
microscopy carried out after the polarisation test (Figure 3.52) showed evidence of 
corrosion at the austenite-ferrite interface which is more predominant on the longitudinal 
plane Figure 3.52A. This is in good agreement with the order of nobility in the OCP and 
Polarisation test results. 
 
The order of nobility may also be related to the grain boundaries density on the respective 
planes. The order of nobility is consistent with the results of metallographic 
characterisation of the cold rolled materials. The longitudinal planes consistently showed 
highest grain boundaries density due to the smaller grain size, while the lowest grain 
boundaries density occurred on the short-transverse planes due to the large grain size (see 
Figure 3.8B). The grain boundaries and regions of higher deformation bands are more 
active than the grain matrix and the less deformed areas of the microstructure respectively 
[58]. Hence, the corrosion rate is likely to occur faster at the grain boundaries than the 
matrix. This may explain why short-transverse plane are consistently the most noble while 
the longitudinal plane was the least noble.       
 
The summary result of the OCP in Figure 3.51 showed the order of nobility among the L, 
T and S planes, and the cold work levels. In all the cold rolled materials tested, the material 
cold rolled to 20% reduction was observed to be the least noble. This observation is 
consistent with the result of the grain size determination in the Figure 3.8. 
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4.6 The Roles of Applied Potentials  
The Slow Strain Rate Tests carried out on the annealed material have shown that, the 
plastic elongation, the UTS and the time to failure decrease as the applied potential 
increases. The plastic elongation was significantly reduced when the applied potential was 
increased from -125mV to -50mV (see Figure 3.56). The decrease in the plastic elongation 
when the applied potential was increased from -125mV to -50mV was largely attributed to 
the enhanced corrosion process caused by transpassive dissolution of the primary passive 
film [106]. The tests carried out on the annealed and cold rolled materials at the passive 
potential of -125mV have demonstrated that the SCC susceptibility can be arrested if the 
test is potentiostatically maintained in the primary passivation range. The immunity of 
ASS to chloride SCC was obviously improved when the electrochemical potential was 
maintained in the primary passive potential range. This improvement may be credited to 
the formation of stable chromium-rich passive film that continuously help to protect the 
substrate whenever crack or pit opens up.  
 
The correlation of the corrosion current density with the time to failure showed a number 
of current spikes followed by gradual decay. The sudden increase in the corrosion current 
density is attributed to the break down of the passive film and exposure of the metallic 
substrate to the environment. The rapid corrosion of the bared metal substrate was the 
reason for the sudden rise in the corrosion current density. The subsequent gradual decay 
in the corrosion current density was largely attributed to the self healing mechanism of the 
stainless steels through the repassivation of the chromium-rich oxide film. It was also 
understood from the results that the first current peak consistently occurred at the location 
correlated to the onset of the plastic elongation. The peak may have occurred due to the 
temporary breaking of the interatomic bond when the yield point was exceeded. 
 
The Post-mortem optical and scanning electron microscopy of the fractured samples 
showed that, the fracture surface contained regions of ductile failure and stress corrosion 
cracking. Ductile region were characterised by ductile dimples whilst the SCC showed 
secondary cracks which propagated along the loading axis. The secondary cracks were 
suggested to have developed at the austenite-ferrite interface due to the strain 
incompatibility. The cross sectional analysis of the failed samples showed that cracks 
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propagated perpendicular to the loading axis and the crack observed were predominantly 
transgranular SCC.  
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Chapter Five 
5 Conclusions  
The following conclusions are made after the studies investigating the influence of material 
factors including cold works on the susceptibility of austenitic stainless steels to stress 
corrosion cracking:   
 
1. The results of optical metallography and the prediction from the Schaeffler diagram 
showed that the proportion of retained delta ferrite in the austenite matrix amounts 
to about 4%. The observed cleavage failure on tensile loading of short-transverse 
samples occurred at the austenite-ferrite interface. Localised heterogeneous 
deformation between ferrite and austenite may lead to the development of internal 
stress.  
 
2. The assessment of martensite development during the cold working of the 
austenitic stainless steel showed no evidence of martensite at room temperature. 
Martensite was only found during plastic deformation at cryogenic temperatures. 
The presence of martensite in the austenitic stainless steels microstructure during 
the cryogenic deformation acted as a support and reinforcement to the austenite 
matrix. Conversely, localised heterogeneous deformation between the austenite 
matrix and martensite may lead to the evolution of internal stresses. 
 
3. The assessment of the effect of cold work levels and strain paths on the mechanical 
properties of austenitic stainless steels showed that, the yield strength of material 
increases when it is re-strained in the forward direction, whilst it was relatively 
lower when the loading direction was reversed in line with the Bauschinger effect. 
The Bauschinger effect occurs when the strain path is reversed and its magnitude is 
independent on whether tensile or compressive prestraining comes first or last but 
rather on the amount of prestraining. 
 
4. The lattice elastic strain evolution during in-situ loading increased with the applied 
stress. Generally, the lattice strain difference between the maximum and minimum 
strain value, ∆ε measured during the in-situ loading to 5% tensile strain was less 
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dependent on the strain path than the level of prestrain. The elastic lattice strain 
difference, ∆ε increased with the level of prestrain and reached saturation in the 
sample prestrained to 20% reduction. The largest internal strain occurred in the 
material prestrained to 20% reduction. 
 
5. In cold rolled materials, peak broadening increases with the level of prestrain 
during in-situ loading along the 3 loading directions. Unlike the annealed samples, 
the increase in the peak broadening during the re-straining of cold rolled material 
by uniaxial deformation was attributed to the activation of different slip systems. 
The evidence of increasing dislocation density from peak broadening and 
deformation twinning reinforces the significance of intragranular strain/stress as a 
potential crack driving force for transgranular stress corrosion cracking. 
 
6. The assessment of the effects of prestraining methods on the mechanical properties 
and internal strain evolution showed that, austenitic stainless steel prestrained by 
cold rolling showed significantly higher yield strength and internal strain than that 
prestrained by uniaxial compression on reversed loading. Again, the magnitude of 
Bauschinger effect was relatively lower in the material prestrained by cold rolling 
than those prestrained by uniaxial deformation.  
 
7. The mechanical failure test showed that the yield and tensile strength of the cold 
rolled austenitic stainless steels increased markedly at the expense of the ductility. 
Higher plasticity occurred when the strain path is reversed, which may explain why 
failure occurred more readily in samples loaded along the short-transverse direction 
(with higher crack depth along the rolling direction) compared to the samples 
loaded along the longitudinal and transverse direction. 
 
8. Ductile failure occurred along the longitudinal and transverse direction while 
mixture of ductile and cleavage occurred along the short-transverse direction. The 
cleavage cracking which occurred along the short-transverse direction was 
attributed to heterogeneous deformation and strain incompatibility at the austenite-
ferrite interface. Post-mortem scanning electron microscopy showed evidence of 
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cleavage and intergranular cracking and this may explain the rapid rupture 
observed along the short-transverse direction during the failure test. 
 
9. The study showed that electrochemical behaviour of the cold rolled austenitic 
stainless steels was more affected by sample orientation than the amount of cold 
work. The short-transverse plane shows greater nobility than transverse plane, 
while the longitudinal plane was the least noble. The material cold rolled to 20% 
reduction is generally considered to be least noble on all the three orthogonal 
planes of the cold rolled materials. 
 
10. The stress corrosion cracking studies showed that the plastic elongation, the 
ultimate tensile strength and the time to failure decrease as the applied potential 
increases during the slow strain rate test carried out on the annealed samples. This 
was attributed to significant increase in corrosion rate due to transpassive 
dissolution of primary passive film. The immunity of ASS to chloride SCC was 
obviously improved when the electrochemical potential was maintained in the 
primary passive potential range. The improvement was attributed to the formation 
of stable chromium-rich passive film that continuously help to protect the substrate 
whenever crack opens up. 
 
11. Post-mortem scanning electron microscopy of the fractured samples following the 
slow strain rate test in the chloride environment showed that, the fracture surface 
contained SCC and ductile failure regions. The SCC region contained secondary 
cracks which propagated along the loading axis and the ductile regions were 
characterised by dimples. The cross sectional analysis of the failed samples showed 
that cracks propagated perpendicular to the loading axis and the crack observed 
were predominantly transgranular SCC.  
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Chapter Six 
 
6 Recommendations  
The following recommendations are made after the studies investigating the influence of 
material factors including cold work on the susceptibility of austenitic stainless steels to 
stress corrosion cracking:  
 
1. The assessment of the electrochemical behaviours of cold worked austenitic 
stainless steel in a chloride environment is recommended to explore the effects of 
cold work on the pitting resistance of the materials. Pitting corrosion has been 
thought to be one of the precursors to the stress corrosion cracking initiation.  
 
2. The effects of prestrain on stress corrosion cracking have been investigated on the 
cold rolled samples taken along the longitudinal (rolling) direction. These tests 
could not be completed due to major break down of the test rig. Therefore, further 
tests needed to be carried out on the same set material at applied potential of -
100mV to allow comparison with tests done in the controlled environment and 
quantitative determination of the SCC susceptibility of the material.  
 
3. Finally it is recommended to extend the slow strain rate tests to samples from along 
the transverse and short-transverse direction to ensure detailed understanding of the 
effect of strain path on the stress corrosion cracking susceptibility of the cold rolled 
material. Stress corrosion cracking test along the short-transverse direction will be 
quite challenging for heavily cold rolled samples because of geometric limitation of 
the sample, but will be very useful in understanding the significance of reverse 
loading on the SCC susceptibility. Again, such a test is recommended to be carried 
out in strain-controlled mode rather than the stress-control to ensure that the 
plasticity required for the SCC to occur is the same in all the samples. 
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Appendix 1 
 
Effects of Alloying Elements on Austenitic Stainless Steels 
Microstructures 
i. Carbon 
Carbon, C is an interstitial element in iron with an FCC crystal structure. It stabilises 
austenite through the expansion of the γ-loop (Figure 2.3A) [22, 8] and acts as a carbide 
(M23C6) former in sensitised grades [32]. Carbon must be kept below 0.03wt% (Figure 
2.4B) to prevent precipitation of carbide. The C content in Type 304L is deliberately 
lowered to reduce susceptibility to sensitization and to improve resistance to IGSCC.  The 
level of yield stress, internal stress (residual stress) and the amount of martensite increase 
with C content [31]. 
ii. Chromium 
Chromium is a BCC element and a ferrite stabiliser. The ferrite stabilising effect of Cr is 
suppressed by the addition of significant amount of Ni in ASS. Addition of Cr (not less 
than 11wt%) to stainless steels helps to improve corrosion resistance through the formation 
of thin continuous passive oxide film which acts as a protective layer on the surface. The 
passive film forms by corrosion process, and once it is formed, it acts as an insulating 
barrier between the substrate and the corrosive environment and prevents further oxidation 
of the material [21, 26, 32]. 
iii. Nickel 
Nickel is an FCC alloy often used to strengthen austenite by substitutional solid solution 
strengthening. It stabilises austenite in compensation for low C and N contents in Type 
304L Addition of 6% Ni caused expansion of austenite field from 11wt%Cr at lowest Ni 
level to about 25wt%Cr. Nickel addition also helps to improve fracture toughness and to 
compensate for reduced workability due to Mo [32]. Resistance of ASS to chloride SCC 
increases with Ni addition by raising the threshold stress intensities [8]. 
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iv. Manganese 
Manganese is an austenite stabiliser and can be added up to 2% as a close substitute to the 
more expensive Ni [32]. However, addition of Mn beyond 2% is considered detrimental to 
chloride SCC resistance [8]. Manganese can react with sulphur in stainless steels to form 
Manganese sulphide (MnS).  Manganese sulphide is a weak phase which may act as stress 
raiser in the material with greater susceptibility to SCC initiation [21].  
v. Molybdenum 
Molybdenum is BCC element and a ferrite stabilizer. The addition of Mo improves SCC 
resistance depending on the environment. Mo addition is also known for improved pitting 
corrosion resistance in chemical industry and marine environments [8].  Report [11] also 
shows that Mo containing stainless steels (Type 316) are more susceptible to low 
temperature embrittlement than Type 304 and this suggests the reason for ASS Type 304 
as a preferred choice for the design of reactors. 
vi. Nitrogen 
Nitrogen is an interstitial alloying element with strong influence on the stability of 
austenite (Figure 2.3B) [22]. Nitrogen stabilises austenite against ferrite formation at 
higher temperature and it reduces the tendency for martensite formation at low temperature 
by depressing the temperature at which formation of martensite begins often referred to as 
Martensite start (Ms).  The beneficial role of N as an austenite stabilizer is sometimes 
considered as possible replacement to rather expensive Ni [26]. It also helps to strengthen 
the austenite phase by interstitial solid solution strengthening and acts as a grain refiner 
during recrystallization.  Higher addition of N may also promote chromium nitride which 
may increase susceptibility to IGSCC [11, 8] on the basis of Cr depletion around the 
nitride. Nitrogen enhances the pitting resistance and retards the formation of sigma phase 
in ASS [21]. 
vii. Silicon  
Silicon is a stronger ferrite forming element than Cr [107]. Silicon addition is suggested to 
be beneficial to chloride SCC resistance in boiling 42% MgCl2 [8]. On the contrary, report 
elsewhere [33] suggests that increase in Si concentration enhances the crack growth rate of 
ASS Type 304L tested in high temperature (288°C) pure water. 
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viii. Sulphur 
The presence of sulphur can facilitate the formation of non metallic inclusion 
predominantly, manganese sulphide (MnS) which can act as a nucleation site for corrosion 
pits and eventually SCC [8]. Addition of 0.02-0.1wt% Sulphur enhances machinability of 
stainless steels [21]. The increase in machinability is as a result of spheroidisation of 
sulphides which is usually promoted by the addition of insoluble Bismuth (Bi) into the 
melt. Spheroidised sulphide are more uniformly distributed within the steel matrix and acts 
as embrittlement or fracture site for the machining chips with effective chip breaking than 
the traditional steels. On the other hands, the fracture toughness of the rolled steel may be 
reduced due to the presence of sulphide stringers along the rolling direction [34]. 
ix. Phosphorus 
Phosphorus is considered an impurity element but it is suggested that reduction of P 
content down to 0.003wt% leads to higher resistance to chloride SCC in MgCl2[8]. 
x. Copper 
Copper has an FCC crystal structure and stabilising effect on austenite. The addition of Cu 
to ASS increases the SFE of Iron. Stacking faults are 2 dimensional defects that occur 
where there is an error in the normal stacking sequence of the atom layers. They may form 
during the growth of the crystal or may result from motion of partial dislocations. The 
stacking fault energy affects the frequency of the intersection of mechanical twins which 
act as nucleation sites for the strain induced martensite. A Low SFE reduces the propensity 
towards cross slip leading to the uniform distribution of dislocations rather than the cell 
structures typical of alloys with high SFE [35]. Cross slip enhances the yield strength of 
the material [108] and formation of martensite. Theoretical calculation elsewhere [109] 
also indicates that the SFE of iron base alloy increases with Ni and Mn in line with Cu 
while it decreases with Cr and Si. 
xi. Titanium 
Titanium is a ferrite stabilising element. It has higher affinity for carbon than Cr leading to 
the formation of titanium carbide rather than intergranular chromium carbide. The addition 
of Ti therefore helps to stabilise Cr against precipitation as carbide during cooling from 
elevated temperature in ASS Type 321. The low level of C remaining for chromium 
carbide formation in stabilised steels enables sufficient Cr to be available for the primary 
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purpose of corrosion prevention. The stability of Cr by Ti addition therefore helps to 
reduce susceptibility to intergranular SCC. Niobium plus tantalum may also be used as a 
stabiliser in ASS Type 347 to reduce the effect of sensitization [8]. 
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Appendix 2 
 
Relationship between ω and ψ in Sin2ψ Method using Neutron 
Diffraction Technique 
 
Schematic of Engin-X Diffractometer and Sample Orientation 
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Sample-Crystal Orientations (ψ) at which Strain were Measured on Sample L-S 
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ω = the angle the sample makes with the incoming 
beam.
ψ2 = angles the sample normal makes with the
scattering vector Q2  (for  data from south detector 
bank, D2)
ψ1 = angles the sample normal makes with the 
scattering vector Q1 (for data from north detector 
bank, D1)
Q  =  scattering vector (direction parallel to the crystal 
plane normal) for the detector bank, D
ε = strain
do = stress-free lattice spacing
di = stressed lattice spacing  
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Plot of Lattice Spacings against Sin2ψ on Sample L-S 
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Lattice Spacing (220 Peaks) against Sin2ψ
y = 0.014x4 + 0.0018x3 - 0.0041x2 - 0.0003x + 1.2704
1.2698
1.2699
1.2700
1.2701
1.2702
1.2703
1.2704
1.2705
1.2706
-0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
Sin2ψ
d-
Sp
a
ci
n
g(Å
)
220S
220L
Poly. (220S)
Lattice Spacing (311 Peaks) against Sin2ψ
y = 0.0004x4 + 0.0014x3 - 8E-06x2 - 0.0002x + 1.0833
1.0824
1.0826
1.0828
1.0830
1.0832
1.0834
1.0836
1.0838
-0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
Sin2ψ
d-
Sp
a
ci
n
g(Å
)
111S
111L
Poly. (111S)
 
 
NB: The above graphs were fitted to polynomial as the sin2ψ fitting could be done with 
Microsoft excel used for the plotting. The polynomial used was initially fitted to sin2ψ plot 
before it was used for fitting the plots of d-spacings vs sin2ψ. 
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